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Abstract 
Many metal structures are assembled from thin plate with welded supports for stiffness 
to resist local loadings. However, welded joints, which require large heat input, may 
incur significant distortion in the finished plate. Although the causes of distortion are 
known, and have been the focus of number of studies, there is still a lack of 
fundamental understanding of process and physical parameters in causing distortion. 
The overall aim of this work is to identify the interaction of process and physical 
parameters in causing distortion of welded ferritic thin steel plates. Experimental 
measurements and the finite element method are used to identify the relationship 
between distortion and the influence of pre-existing (residual) stresses in the plates. 
Effect of onset of transformation temperature on distortion is examined. An improved 
comprehension of the mechanisms causing distortion, and a readily useable model to 
explore alternatives has significant potential in wide range of industries and thus is a 
major driving force for continued research. The ability to predict with reasonable 
certainty the geometry of distortion will enable users to evaluate alternative design and 
production parameters. 
The work is divided into eight chapters:  
The first chapter gives an introduction and lists the objectives of the research. A 
theoretical exploration of the problem in addition to a survey of relevant work with 
regard to the welding of ferritic steels, weld microstructures, residual stresses, finite 
element modelling (FEM) and an overview of experimental techniques including 
transmission electron microscopy (TEM), scanning electron microscopy (SEM), electron 
backscattered diffraction (EBSD), neutron diffraction (ND) is given in chapter 2. In 
chapter 3 experimental investigation results including both post-weld and in-situ 
microstructure observation and residual stress distribution are presented and discussed 
[1, 2]. To provide a qualitative insight into fundamental understanding of development 
of residual stress, a finite element model that considers both the thermal and the 
transformation strains caused by solid-state phase transformation was developed and is 
presented in the chapter 4 [3]. A validated finite element model for computation of 
residual stresses is presented in the chapter 5 [4]. Special emphasis was placed on the 
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effect of transformation temperature on residual stress development in both the actual 
weld and the model. Most of the modelling results were validated against experimental 
measurements. Chapter 6 presents a sensitivity study on the effect of parameter 
changes on distortion. An attempt was made to elucidate both the effect of 
transformation start temperature and the initial distortion on the final distortion [5]. 
Chapter 7 details application of a model for variant selection [6], which is based on 
work published in [7, 8] to actual welds. This work was performed to elucidate the 
effect of texture on residual stress. Finally the last chapter draws together the major 
conclusions of the thesis, and suggests future avenues of investigation to progress the 
research discussed here. 
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Chapter 1  
Introduction 
Many metal structures are assembled from thin plate with welded supports for stiffness 
to resist local loading. Examples range from metal cabinetry and ships up to 300 metres 
in length. A 300 metre container ship with gross tonnage of 78,000 t for 6700 ISO 20’ 
containers comprises ~ 600 km of weld. However welded joints, which require large heat 
input, may incur significant distortion in the finished plate. The process of assembling 
and joining adjacent structures then requires the use of restraints, additional supports 
and means to force the structures into alignment. Restoring the surface of the plate 
structures after assembly and welding is also required. The drive towards lighter ships 
and therefore thinner plate is restricted by the significant increase in distortion as the 
plate thickness decreases. In the shipbuilding industry, distortion is generally associated 
with thin plates, defined in this case as less than 6 mm in thickness. Plate thickness 
reductions have been compensated for by the use of some of the higher tensile steel 
grades such as high strength low alloy (HSLA) steel and by the increasing use of 
stiffeners welded into the structure.  
Weld induced residual stresses are major contributors to the overall stress states in 
welded structural components. These stresses have been a topic of concern for many 
years and result from the thermal strains between the newly-solidified weld metal, heat 
affected zone and the surrounding cool material. These strains give rise to distortion, 
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which can lead to geometrical non-conformance in the welded part. Residual stresses 
are also of concern because they are often on the order of the yield stress and therefore 
lower the service loads that can safely be tolerated by the component, both in static 
loading and fatigue. They can also promote, e.g. stress corrosion cracking. Often these 
stresses are relieved by post-weld heat treatment, although for many welded structures 
such stress mitigation techniques are impractical. Therefore, there has been great 
interest in minimising these stresses by using phase transformations to relieve the 
strains that arise. Two examples in steels would be the austenite →  ferrite 
reconstructive transformation or the austenite → acicular ferrite or bainite/martensite 
displacive transformations. 
Such phase transformations operate by the selection of crystallographically related 
variants of the daughter phase that accommodate the applied strain. Since they operate 
on cooling they may also modify the stress state around the weld, potentially reducing 
the propensity for weld-induced cracking, e.g. solidification cracking or liquation 
cracking (microfissuring) in the heat affected zone (HAZ). 
The high costs of experiments drive the development of numerical models. Numerical 
simulations of residual stresses that arise during fusion welding process have been 
carried out typically using finite element methods for nearly three decades. Recent 
advances in computational power make it possible to develop complex numerical 
models to accurately predict the behaviour of the material, which finally enables the 
optimisations of process parameters. To date, only a few attempts have been made that 
consider solid-state displacive transformation in the numerical models. In the case of 
ferritic steels, displacive transformation mechanisms that arise during welding generates 
large shear strains, and the weld-induced distortion and residual stresses in these 
materials cannot be accurately described unless the phase transformation is accounted 
for. 
There has also been much interest in the thermo-mechanical modelling of welding. 
Where the heat source is well described and the constitutive behaviour is known, then 
the residual stresses due to welding can be reproduced quite accurately in the absence 
of such phase transformations. There have also been a number of empirical efforts to 
account for both the relaxation of strains at high temperatures and the effect of volume 
changes during the austenite → ferrite transformation, but stress-relieving 
transformations have not typically been considered in detail. Typically, the modelled 
residual stresses are compared to those measured using either laboratory X-ray 
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diffraction with the sin2 ψ technique, incremental hole drilling using strain gauges, 
synchrotron X-ray (SXRD) or neutron diffraction (ND). Usually, the SXRD or ND 
methods are preferred as they are non-destructive and allow the mapping of stresses 
over large areas of material, as well as being free from the near-surface effects that 
inhibit the use of other techniques. 
In order to contribute to reducing greenhouse gas emissions from transport, there is an 
increasing technological relevance for development in the production of thin-walled 
structures for which materials performance improvements are required. The role of 
residual stresses in the deformation and failure of engineering components is relevant to 
a wide range of engineering industries including the offshore and power generation 
industry. The ability to predict with reasonable certainty the geometry of distortion 
will enable users to evaluate alternative design and production parameters. An 
improved comprehension of the mechanisms causing distortion, and a readily useable 
model to explore alternatives has significant potential in wide range of industries and 
thus is a major driving force for continued research. To put this into perspective, it is 
estimated that a typical shipyard spends 20-30% of labour hours on rework due to plate 
distortion, translating to a cost of approximately £2 million per ship. While it is not 
expected that distortion and subsequent rework can be eliminated completely, a 
reduction in the magnitude of the distortion can reduce significantly the costs of the 
industry. 
 
1.1 Objectives 
Although the causes of distortion are known, and have been the focus of number of 
studies, there is still a lack of fundamental understanding of process and physical 
parameters in causing distortion. The overall aim of this work is to identify the 
interaction of process and physical parameters in causing distortion of welded ferritic 
thin steel plates. Experimental measurements and the finite element method are used 
to identify the relationship between distortion and the influence of pre-existing 
(residual) stresses in the plates. The effect of transformation temperature on distortion 
is examined.  
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Project objectives 
- To measure, analyse and predict residual stress distributions and distortions 
in a welded plate  
- To identify the relationship between the residual stress distributions in a 
plate to the level of distortion in the plate 
- To develop a finite element model to simulate the welding process, including 
both the thermal and the phase transformation strain, and predict resulting weld 
distortion 
- To provide qualitative insight into fundamental understanding of 
development of residual stresses and distortion 
- To clarify effect of microstructure (including texture) on level of residual 
stress in actual welded steel plates 
 
1.2 Structure of thesis 
The work is divided into eight chapters:  
The first chapter gives an introduction and lists the objectives of the research. A 
theoretical exploration of the problem in addition to a survey of relevant work with 
regard to the welding of ferritic steels, weld microstructures, residual stresses, finite 
element modelling (FEM) and an overview of experimental techniques including 
transmission electron microscopy (TEM), scanning electron microscopy (SEM), electron 
backscattered diffraction (EBSD), neutron diffraction (ND) is given in chapter 2.  In 
chapter 3 experimental investigation results including both post-weld and in-situ 
microstructure observation and residual stress distribution are presented and discussed 
[1, 2]. To provide a qualitative insight into fundamental understanding of development 
of residual stress, a finite element model that considers both the thermal and the 
transformation strains caused by solid-state phase transformation was developed and is 
presented in the chapter 4 [3]. A validated finite element model for computation of 
residual stresses is presented in the chapter 5 [4]. Special emphasis was placed on the 
effect of transformation temperature on residual stress development in both the actual 
weld and the model. Most of the modelling results were validated against experimental 
measurements. Chapter 6 presents a sensitivity study on the effect of parameter 
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variations on distortion. An attempt was made to elucidate both the effect of 
transformation start temperature and the initial distortion on the final distortion [5]. 
Chapter 7 details application of a model for variant selection [6], which is based on 
work published in [7, 8] to actual welds. This work was performed to elucidate the 
effect of texture on residual stress. Finally the last chapter draws together the major 
conclusions of the thesis, and suggests future avenues of investigation to progress the 
research discussed here. 
 
1.3 Statement of originality 
This dissertation is submitted for degree of Doctor of Philosophy at Imperial College 
London. It describes research carried out in the Department of Materials under the 
supervision of Dr David Dye. Except where appropriately referenced, this work is 
original. No part of this dissertation has been, or is currently being, submitted for any 
other degree, diploma or other qualification. 
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Chapter 2  
Literature review 
2.1 Summary 
The state of the knowledge about fusion welding, microstructure, residual stresses, 
distortion and finite element modelling has been reviewed in this chapter. Generally the 
origin of residual stresses and distortion is well understood, but the management of 
distortion is not fully accomplished and thus it is a major driving force for continued 
research. 
 
2.2 Introduction 
In the transport industry, lightweight design is used to achieve improvements in fuel 
efficiency and vehicle handling. This is even true of shipbuilding where modern ships 
now often use section thicknesses as low as 4 mm in order to achieve vessel stability 
and manoeuvrability goals. However, reducing section thickness in these welded 
structures leads to an increase in the distortion observed during fabrication. Although 
welding has been in use in shipbuilding for almost a hundred years, and has been the 
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preferred process for metal joining for the last fifty since the Liberty ships in WWII, 
distortion of the welded structures remains a major problem. The process of assembling 
and joining adjacent structures then requires the use of restraints, additional supports 
and means to force the structures into alignment. Restoring the surface of the plate 
structures after assembly and welding is also required. The result is that many more 
man-hours are required for the production of the structures than is in principle 
necessary. An improved comprehension of the mechanisms causing distortion, and a 
readily useable model to explore alternatives has significant potential in wide range of 
industries and thus is a major driving force for continued research.  
This chapter provides an insight of the work conducted to date and it is organised in 
the following way: First, the basic principles of fusion welding, commonly encountered 
weld defects and the as-deposited microstructure in steels are reviewed. Second, the 
kinetics of the bainitic transformation including a brief description of main 
characteristics of displacive and reconstructive transformations are presented. Much 
emphasis is placed on formation of bainite under stress. Following this, a finite element 
method formulation of both the heat transfer and mechanical response is introduced. 
Then, the role of residual stresses on distortion in welded components is described. 
Finally, an overview of experimental techniques used in this work is outlined. 
 
2.3 Fusion welding 
Fusion welding of steels is the principal method used to join engineering structures. 
There are several variations on the technique, but the basic principle of the procedure 
involves the melting and refreezing of the two components being joined, possibly with 
the addition of a filler metal. In the gas metal arc welding (GMAW) process, the weld 
join is created by heating with an (electrical) arc between the work piece and a 
continuously supplied consumable metal electrode [9]. The welding power supply 
provides the energy to generate and maintain the arc, the heat from which melts the 
metal electrode. The work piece is usually connected to the negative terminal and the 
contact tube of the welding torch to the positive terminal. An externally supplied inert 
shielding gas or gas mixture is maintained around the arc and electrode, protecting the 
molten weld pool from the ambient atmosphere, maintaining the stability of the arc 
and preventing oxidation. A schematic illustration of GMAW process is shown in the 
Figure 2-1. 
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Figure 2-1 Schematic representation of GMAW process [10]. 
2.3.1 Weld defects in ferritic high strength low alloy steels 
Brandon [11] classified welding defects as follows; (i) geometrical defects associated 
with weld and component geometry, (ii) defects within the weld metal and (iii) 
cracking associated with embrittlement and residual stress. The geometrical defects 
create grooves and notches which act as sites of stress concentration and are associated 
with misalignment of the welded components or poor selection of welding parameters. 
Defects within the weld metal may include inclusions from slag and porosity due to 
generation of gas in the weld pool [11]. Cracking associated with embrittlement and 
residual stress is detailed below.  
The majority of ferritic high strength low alloy steels are readily welded. However, the 
welds tend to be susceptible to (i) solidification cracking, (ii) lamellar tearing, (iii) 
reheat cracking and (iv) hydrogen cracking. 
The primary microstructure of both carbon and low-alloy steel weld metal is epitaxial 
with elongated columnar grains. The final substructure depends on the solidification 
rate, being dendritic at high solidification rates and cellular at lower rates. The phase 
structure on solidification is determined by both the carbon and nickel content. In 
welds with carbon content below 0.1%, the metal will solidify as δ-ferrite in which the 
solubility of sulphur is relatively high. With increasing carbon content δ-ferrite is 
formed first, but the remainder of the liquid metal will solidify as austenite. Because 
the solubility of sulphur in austenite is low there is the possibility that it will be 
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rejected to the primary austenite grain boundary, promoting intergranular and 
solidification cracking. Another mechanism of solidification cracking involves the 
segregation of sulphur to interdendritic regions. Shankar and Devletian [12] 
investigated the susceptibility to solidification cracking in a range of low carbon steel 
weld metals using crack length and the brittleness temperature range as the controlling 
criteria. The Fe-C alloys showed high cracking tendency in two regimes, the first in the 
ultralow carbon range of 0.03-0.05 wt. %C and the second in a narrow band close to 0.1 
wt. %C. This cracking was attributed to solute segregation. In Fe-Ni and Fe-B alloys, 
cracking was a function of alloy content. Solidification cracking due to C and Ni was 
higher in the ferritic mode of solidification compared to the austenitic, unlike in 
stainless steels, where the ferritic mode provides high resistance to cracking. In Fe-C-Ni 
ternary alloys, cracking could be better related to composition in terms of a variable 
coefficient for C in the Ni equivalent. 
There were attempts [13] to quantify the susceptibility of a weld to solidification 
cracking as a function of chemical composition by using a cracking index Ucs expressed 
by the  formula: 
Ucs = 230C + 190S + 75P + 45Nb - 12.3Si - 5.4Mn - 1 
It was suggested that cracking is likely to occur if Ucs > 20 for fillet welds and Ucs > 25 
for butt welds. 
Reheat cracking occurs in the heat affected zone (HAZ) of welds during postweld heat 
treatment or when the welded structure is exposed to elevated temperature [13]. The 
following factors affect reheat cracking: (i) a susceptible alloy composition and HAZ 
microstructure, (ii) a high level of residual strain and (iii) temperature in the creep 
range. 
The sensitivity of chemical composition on reheat cracking can be expressed by the 
parameter P, defined as: 
P = Cr + Cu + 2Mo +10V + 7Nb + 5Ti - 2 
the weld is susceptible to reheat cracking if P ≥ 0. The fracture is intergranular and 
occurs predominantly in the coarse-grained HAZ of the weld. The typical fracture 
morphologies of reheat cracks are low-ductility intergranular fracture or intergranular 
microvoid coalescence.  
Lamellar tearing arises at the outer edge of the visible heat affected zone due to the 
combination of a stress concentration and low ductility of the plate in the through-
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thickness direction [13]. It is associated with restrained corner or T welds, where the 
fusion zone boundary is approximately parallel to the plate surface. The cracks occur in 
the vicinity of the fusion boundary and are orientated parallel to the surface. Major 
factors affecting the susceptibility to lamellar tearing are (i) the geometrical 
configuration of weld and the inherent restraint, (ii) sulphur, hydrogen and oxygen 
contents, (iii) the type and morphology of inclusions. The initiation occurs at the 
interface between inclusions and metal and the mechanism is separation or void 
formation [13]. Liquation cracking occurs at the pre-existing austenite boundaries in the 
coarse-grained heat affected zone.  
Although the problems outlined above may be successfully solved by weld metal and 
base plate metallurgy and design, hydrogen assisted cracking (HAC) remains the most 
serious problem in steel welds. By definition, HAC is a decrease in the fracture 
toughness of steel, associated with the presence of hydrogen, where the nominal 
fracture stresses are usually low, often less than stresses experienced by the steel [14]. 
In arc welding the hydrogen is derived from hydrogenous chemical compounds that are 
dissociated in the arc column. The major factors which determine susceptibility to 
HAC of welds are (i) the hydrogen content, (ii) fracture toughness of the weld and heat 
affected zone and (iii) the level of stress induced by thermal cycling during welding [13]. 
Because time is required for hydrogen atoms to migrate and accumulate in regions of 
stress concentration, the failure is usually delayed. Cracking occurs when the hydrogen 
atom concentration reaches the critical concentration for HAC. The critical hydrogen 
content at the fusion line can be expressed as  
]/)log[( 0HHP crBHA −=   
Where 
HA
P  is the hydrogen accumulation parameter, 
B
H is the hydrogen content at the 
fusion boundary, is (
B
H )cr the amount required to promote hydrogen cracking, and 
0H is the as deposited hydrogen content of the weld [13]. The development of low-
carbon high-strength low alloy steel has helped reduce the occurrence of hydrogen 
cracking in the heat affected zone (HAZ) [15].  
2.4 The as-deposited microstructure 
Understanding the evolution of microstructure of welds, including the phase 
transformation kinetics, under constrained heating and cooling is crucial given their 
effect on the (mechanical) properties of the resulting weld. During fusion welding a 
workpiece is subjected to a thermal cycle. Depending on temperature history, different 
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zones can be identified in welded workpiece after cooling. According to [16], post-weld 
metallurgical zones in a single pass weld can be categorised as (i) solidified weld,       
(ii) solid-liquid transition zone, (iii) coarse grained heat affected zone, (iv) fine grained 
heat affected zone, (v), intercritical heat affected zone and over tempered base metal. 
The following describes the major morphological characteristics of welds. 
 
2.4.1 Widmanstätten ferrite 
Widmanstätten ferrite forms as laths or plates in the austenite grain by a displacive 
transformation mechanism [17]. It nucleates at the γ grain boundaries or on already 
present ferrite allotriomorphs and grows along a well-defined plane within the austenite 
grain. The formation of Widmanstätten ferrite is usually accompanied by a surface 
relief effect and a decrease in the strain energy within the structure. The growth of 
Widmanstätten ferrite is favoured when the austenite grain size is large, due to reduced 
impingement effect by growth across the grain. Other factors influencing the growth of 
the Widmanstätten ferrite are the carbon content of the steel and the rate of cooling 
[17]. During the growth of Widmanstätten ferrite, carbon diffuses to the sides of the 
advancing plate (due to its morphology) and thus the lengthening of the ferrite plates 
occur at a constant rate. The Widmanstätten ferrite morphology in the form of side 
plates / laths formed at austenite grain boundary is shown in Figure 2-2 [18].  
 
 
Figure 2-2 Optical micrograph of Widmanstätten ferrite showing side plates formed at austenite 
grain boundary [18]. 
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2.4.2 Acicular ferrite 
Acicular ferrite is intragranularly nucleated bainite and consists of randomly orientated 
(in the absence of stress) three-dimensional lenticular plates - of approximate 
dimensions 10 µm in length and 1 µm in width, growing by a displacive transformation 
mechanism [19].  The small non metallic inclusions present in welds provide nucleation 
sites for heterogeneous nucleation of acicular ferrite plates [9] as indicated in Figure 2-3. 
By removing these point nucleation sites, the acicular ferrite can be converted to 
bainite with parallel sheaves which nucleates at austenite grain boundaries [19]. Plates 
of acicular ferrite cannot cross austenite grain boundaries. The main characteristics of 
acicular ferrite can be summarised as follows; (i) during growth, an invariant plane 
strain shape deformation with a large shear component occurs, it is restricted to a 
single austenite grain and has a crystallographic orientation relationship with the 
parent austenitic phase with no substitutional solute partitioning, (ii) acicular ferrite 
cannot form above the bainite-start temperature and (iii) the reaction stops once the 
austenite carbon concentration makes it impossible to decompose without diffusion [19]. 
The size of the austenite grain determines which phase will form on cooling; if the 
austenite grain size is large then the small grain boundary surface area will not allow 
the formation of the bainite phase on the boundaries and ferrite will nucleate 
preferentially on inclusions within the austenite grain. On the other hand if the 
austenite grains are small and grain boundary surface area is large, bainite will 
preferentially form on the grain boundaries with the sheaf morphology. If the inclusions 
are removed via vacuum remelting of the weld deposit the formation of bainite will be 
preferred. Due to a high dislocation density in acicular ferrite the stored energy is 
comparable to that in the bainitic phase. As with the the bainite phase, the formation 
of the upper and lower acicular ferrite can be controlled by adjusting the chemical 
composition of weld filler metal. Similarly to bainite, the precipitation of carbides in 
lower acicular ferrite occurs within the plates.  
Unlike the bainite phase, acicular ferrite does not have a sheaf morphology. This is 
most likely because there is an impingent effect and nucleation on inclusions does not 
promote a preferential growth direction. The fine microstructure of acicular ferrite 
makes the material stronger and also the random orientation of the acicular ferrite 
hinders the propagation of cracks, thus making the material tough. 
 
Chapter 2   Literature review 
 
 
 
29 
 
Figure 2-3 Acicular ferrite (bight needle like features) in a steel weld. Bright field transmission 
electron micrograph replica [19]. 
2.4.3 Martensite 
Martensite is formed by a diffusionless transformation. This happens when there is a 
high enough thermodynamic driving force to cause the diffusionless nucleation and 
growth of the new phase.  Martensite forms as plates extending across the austenite 
grain, Figure 2-4. The transformation starts to take place on cooling when the 
temperature of the system reaches the martensite start temperature, Ms, which is 
dependent on the concentration of gamma-stabilising alloying elements in steel [17]. 
The transformation continues as the system cools until the temperature reaches Mf, the 
Martensite finish temperature. At this temperature, all of the austenite phase is 
transformed to martensite. However, in some cases, e.g. when Mf is below room 
temperature, the transformation is not complete and some austenite is retained 
between the plates of martensite. In order for the metastable austenite phase to reach 
the martensite start temperature, it is often necessary to utilise high cooling rates. This 
will suppress the formation of ferrite or pearlite, which are diffusional transformations. 
The critical rate of cooling depends on the alloying elements present in the steel. The 
transformation velocity is usually of the order of the speed of sound.  
Martensite is brittle, but its toughness can be improved by heat treatment (tempering), 
decomposing the martensite to α and Fe3C. Martensite is usually not the main 
component of the weld material.  Segregation of elements during transformation and 
martensite formation lead to a weld with poor mechanical properties such as low 
toughness and high brittleness. Therefore, its formation is undesirable. However, the 
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formation of martensite is usually unavoidable and is tolerated in small quantities, in 
which case it does not compromise the mechanical properties of the weld. 
 
 
Figure 2-4 Optical micrograph of martensite in a high carbon steel [20]. 
 
2.4.4 Bainite 
Bainite can be described as a microstructure which consists of a non-lamellar mixture 
of ferrite and carbides. Depending on the transformation temperature and 
morphological features such as the precipitation of carbides, the bainitic transformation 
can be distinguished further into lower and upper bainite [19]. The former is formed by 
transformation at relatively low temperatures (temperature range 400-250°C) whereas 
the latter is requires higher temperatures (temperature range 550-400°C) [17]. The 
microstructure of upper bainite consists of ferritic plates, which are approximately    
0.2 µm thick and 10 µm long. Both upper and lower bainite form by a displacive 
transformation mechanism as aggregates of small plates laths (subunits) of ferrite in 
which, at elevated temperature, the interstitial carbon atoms still have enough mobility 
to precipitate as carbides [19]. In lower bainite, carbides are formed inside laths of 
bainitic ferrite (Figure 2-5a) and in upper bainite between the subunits (Figure 2-5b). 
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Lower bainite typically has higher toughness than the upper form, due to the finer scale 
of cementite precipitation. 
 
 
 
 
 
 
 
 
 
Figure 2-5 TEM-BF micrographs; (a) carbide particles present inside lower bainitic ferrite (b) 
between the ferrite platelets in upper bainite [19]. 
The properties of bainitic steels depend on the crystallographic texture, which is a 
product of the transformation from austenite. Bainite nucleates at austenite grain 
boundaries and transformation involves both the change in the crystal structure and a 
deformation. This can be described as an invariant plane strain (IPS) which consists of 
a large shear component (s~0.26) and a dilatational strain (δ~0.03) normal to the habit 
plane [19].  
Because bainite is formed from the parent austenite and the transformation occurs by a 
coordinated movement of atoms, there is a crystallographic orientation relationship 
between these two phases. The relative orientations of the bainite and its parent 
austenite are close to the KS (Kurdjumov-Sachs) and NW (Nishiyama-Wasserman) 
relationships and their crystallographic directions are parallel to close packed planes 
with following relationship: 
(i) for the KS relationship, {111}γ  // {110}α  and <110>γ  // <111>α   
(ii) for the NW relationship, {111}γ  // {110}α  and <112>γ  // <110>α  
The Bain strain can be defined as lattice deformation during transformation from 
austenite into ferrite or martensite (Figure 2-6). The maximum rotation of plane or 
direction caused by the transformation is 11° and the experimental determined texture 
a) 
B 
b) 
Chapter 2   Literature review 
 
 
 
32 
always lies well within the Bain region which encompasses the KS and NW 
relationships [19]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-6 (a) Conventional FCC unit cell of austenite, with basis vectors a1,a2,a3. (b) Relation 
between the FCC and body-centred tetragonal cell (b1,b2,b3) of austenite. (c,d) Bain Strain 
deforming the austenite lattice into a BCC martensite lattice [19]. 
2.4.4.1 Kinetics of transformation 
Neither postweld microstructural characterisation, nor dilatometry and fast differential 
scanning calorimetry provide complete information either about how the as-weld 
deposited microstructure is attained or about the kinetics of the phase transformations 
that occur during rapid heating or cooling. In contrast, a time-resolved study of 
kinetics by, e.g. synchrotron X-ray diffraction techniques, can provide important 
crystallographic, microstructural, and stress information as a function of time and 
temperature. An in-situ synchrotron X-ray diffraction study of the phase 
transformation kinetics of ferrite to austenite transformation during heating of steel 
weld deposits was performed in [21]. It was shown that the phase fraction can be 
quantitatively determined using a modified Johnson-Mehl-Avrami equation and the 
calculated thermal cycles in conjunction with synchrotron X-ray diffraction results. 
However, uncertainties in the temperature distribution in the work piece do not allow a 
clear conclusion about the effect of the thermal cycle on the product phases to be 
drawn.  
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A combination of in-situ synchrotron X-ray diffraction experiments and numerical 
modelling was used to study the effect of transformation start temperature on stress 
development during the cooling of constrained ferritic samples [22]. In this experiment, 
time-resolved information including the evolution of phase fractions, texture, 
crystallography and residual stresses during cooling in a mechanically constrained 
sample was obtained. The results demonstrated that synchrotron X-ray diffraction can 
provide important insight into phase development under simulated conditions 
representative of those encountered in welding. 
2.4.4.2 Formation of bainite/acicular ferrite under stress 
Babu and Bhadeshia [23] studied the effect of applied stress on formation of acicular 
ferrite. When the specimens were subjected to stress below the yield stress of the 
material, the number of crystallographic variants per grain was reduced in comparison 
to unloaded samples and the major growth direction of the variants inclined with 
direction of applied stress.  
Hase et al. [24] examined the transformation kinetics of upper bainite in samples 
subjected to large stresses. To characterise the effect of applied stresses on 
microstructure, both optical and scanning electron microscopy were used. It was found 
that an applied uniaxial compressive stress below the yield stress promoted variant 
selection during transformation, resulting in an organised microstructure. 
Crystallographic studies revealed that transformation under the influence of large stress 
resulted in large blocks of bainite in identical orientations. In addition, it was reported 
that an applied stress during the bainitic transformation not only accelerates the 
kinetics of the transformation but also increases the bainite start temperature and may 
lead to transformation plasticity. 
A more detailed experimental study of isothermally transformed alloyed steel 35MCV7 
using transmission electron microscopy was conducted in [25]. Steel specimens were 
subjected to controlled thermal and mechanical cycles using a thermomechanical 
simulator. Once the transformation temperature was reached, tensile stress was applied 
and kept until the transformation was fully complete. The results confirmed that the 
stressed specimens showed (i) favourable microstructural alignment of bainitic variants 
(ii) formation of selected variants on the planes of maximum shear stress and           
(iii) larger sheaves of bainite as compared to those transformed without applied stress. 
These conclusions are in line with [24]. 
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The effect of plastic deformation on the formation of acicular ferrite in a Fe-Mn-Si-Mo-
C alloy steel was investigated in [26]. Samples were subjected to a thermo-mechanical 
treatment and then characterised using dillatometry, optical, scanning electron and 
transmission electron microscopy. It was demonstrated that both the kinetics of 
acicular ferrite transformation and the resulting phase fraction is reduced in plastically 
deformed samples. 
There have also been attempts to describe transformation plasticity using a modelling 
approach [27-29]. To describe transformation plasticity under external stress and to 
calculate both the volumetric and deviatoric strains induced by the bainitic 
transformation, Han and Suh [27] proposed a microstructure-based model. The model 
considered the difference in the nucleation rate for each bainitic variant, the interaction 
energy between the lattice deformation and the applied stress based on the Kurdjumov-
Sachs orientation relationship. The computed results were validated against 
experimental dilatometric measurements which were conducted under various uniaxial 
compressive stresses. The results indicate that orientation of the selected variants 
comply with the direction of applied stress.  
Matsuzaki et al. [28] conducted isothermal transformation experiments in which the 
formation of bainitic ferrite took place under the influences of stresses below yield of 
the austenite. The effect on the transformation was monitored by simultaneously 
measuring the longitudinal and radial transformation strains. Results were validated by 
comparison with a simple theoretical model for the stress-assisted growth of bainite and 
showed that the microstructure readily responds to stresses well below the yield 
strength of the parent phase. Rees and Shipway [29] extended previous modelling work 
and developed an analytical solution for the simultaneous competitive growth of 
different bainitic variants in steel by considering the shape deformation in the invariant 
plane of each bainite variant. The model was capable of reproducing the trends 
observed in radial and longitudinal transformation strains when steel transforms to 
bainite under uniaxial compressive stress at different temperatures. The results were 
shown to be in good agreement with experimental values of transformation plasticity 
and kinetics. 
Generally, phases which are formed in the weld metal depend on the thermal cycle and 
the weld metal alloy composition present. Solid state phase transformation in steels can 
occur by either reconstructive or displacive transformation mechanism [19]. Figure 2-7 
lists the main characteristics of both transformations. 
Chapter 2   Literature review 
 
 
 
35 
 
 
Figure 2-7 Characteristics of reconstructive and displacive transformation [30]. 
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Table 2 lists the key characteristics of phase transformation in steels [19]. The 
nomenclature used for the transformation products is as follows: martensite ( ´α ), lower 
bainite ( lbα ), upper bainite ( ubα ), acicular ferrite ( aα ), Widmanstätten ferrite ( wα ), 
allotriomorphic ferrite ( α ), idiomorphic ferrite ( iα ), pearlite (P ), substitutional 
alloying elements (X ). Consistency of a comment with the transformation concerned is 
indicated by (=), inconsistency by (≠), cases where the comment is only sometimes 
consistent by (    ).  
 
Table 2 Characteristics of solid-state phase transformation in steels [19].  
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2.5 Modelling of welding 
2.5.1 Heat flow definition 
The basis of weld modelling is the mathematical description of heat conduction [10]. 
This can be derived through energy balance at an infinitesimal volume element with 
the edge lengths dxdydz  over timedt . 
 
Figure 2-8 Heat flux in a volume el ement [10]. 
 
Because of temperature differences between the outer side of the element and the 
surrounding environment a thermal flux qi [Wm
-2] occurs. The difference of heat 
quantity Q [J] in the x direction can be expressed 
 
Similarly for y and z direction  
 
and 
 
The total difference of heat quantity  Q [J] is then 
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Using the Fourier heat transfer law 
 
where q is the heat flux λ [Wm-1K-1] is the heat conductivity with a temperature 
gradient  [Km-1]. The difference of the heat quantity can be calculated 
 
In case of isotropic material xλ = yλ  = zλ  =λ  the change of heat quantity can also be 
expressed by 
  
where  c [Jkg-1K-1] is specific heat capacity, ρ [kg m-3] is the density and  is 
the (time dependent) temperature gradient. In combination with the previous equation 
the heat conductivity can be then expressed by  
 
 
2.5.2 Mechanical response 
The principal equation for the description of the dynamic behaviour of a body is 
 
with mass m , damping d, stiffness k, displacement u, velocity , acceleration  
and force  f. This can be transformed into a matrix form  
 
This form is based on the displacement approach where the forces do not emerge as an 
unknown quantity, but as a nodal displacement u. Accordingly the nomenclature used 
is then  vector for the velocity,  vector for the acceleration and f vector for the 
forces. M is the mass matrix, D damping matrix and K is the stiffness matrix. Because 
the damping in welding can be neglected 
 
and for static or quasi-static cases can be reduced to 
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The stiffness matrix of an element is then 
 
The matrix B serves as the function that interpolates the strain field on the basis of 
node displacements u 
 
The matrix E describes the relationship between the strain in elements and the induced 
stress via 
 
While B represents only a geometrical interpolation, in the matrix E comprises elastic 
(if necessary plastic) material behaviour. 
  
2.6 Residual stresses  
Residual stresses are self balanced internal stresses, which exist in the component 
without any external loads. They can be divided into macro stresses and micro stresses 
[31]. Macro stresses are self-equilibrated in a cross section of a manufactured part. 
Micro stresses vary within the material inside and between grains, phases and defects 
such as dislocations. Macro stresses are introduced into the component as a result of 
the manufacturing process e.g. by welding or forming. During welding the temperature 
distribution in the component being attached is not uniform because the material is 
heated locally. In the molten weld pool stresses are released and can be assumed to be 
zero. After solidification and subsequent cooling of the weld pool, the metal starts to 
shrink and generates tensile stresses in the weld region and adjacent to the heat 
affected zone. These stresses remain in the material after welding and result in 
unwanted distortion [32]. 
Residual stress can be described by what remains in a body that is stationary and at 
equilibrium with its surroundings [31]. In welded joints residual stresses can 
significantly influence the performance and the life of a component due to the combined 
effect of both residual and service stresses. In some cases, compressive residual stresses 
are introduced deliberately i.e. shot peening to improve fatique resistance. Mochizuki 
[33] evaluated several techniques to reduce residual stresses ranging from welding pass 
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sequence optimisation for multi-pass welding and water jet peening to cladding which 
all were reported to be beneficial for the integrity of welded components. 
Residual macro stresses can arise from misfits in design of components, in addition to 
chemical, thermal, and plastically induced misfits between different regions within a 
part i.e. thermal expansion, yield stress, or stiffness of multiphase materials [31, 34]. 
During fusion welding, the work piece is subjected to a non-uniform and rapidly 
changing temperature field causing thermal stresses. Regions in the vicinity of the 
welding arc are heated up to the melting temperature of the material, and subsequently 
cooled down, conducting heat to areas further away. This induces large thermal stress 
gradients in the near-weld region. The contraction of material on subsequent cooling 
can cause weld cracking or distortion of the welded components.  
Dye [35] detailed the development of thermal stresses during the fusion welding. As the 
torch approaches, the near-weld region is heated and expands due to thermal expansion 
of material. Because the expanded material is constrained by the surrounding low 
temperature material, compression develops in both the transverse and longitudinal 
directions. This is balanced by a small positive stress in the field away from the weld. 
As the heating continues, the material expands further and the yield stress of the 
material decreases. The expanded material is deformed by the surrounding cooler 
material and as a result there is a rapid drop in the stress just ahead of the weld, which 
becomes zero in the molten region. After solidification, the weld material cools and 
contracts, causing tensile longitudinal residual stress to develop in the vicinity of the 
weld region. Further away from the welded region, a compressive stress develops to 
balance the tensile stress which fades away to zero towards the edge of the plate. This 
is the final residual stress state developed in the mechanical steady state. The transient 
temperature and stress distribution patterns of a 500 × 504 × 4 mm model using a low 
transformation temperature wire is shown in Figure 2-9.  
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Figure 2-9 Top view of transient temperature (a, b), longitudinal (c, d) and transverse (e, f) 
stress fields during welding using a low transformation temperature weld wire, generated from 
model presented in Chapter 5. Figures on the right hand side show detail from those on the left 
hand side. 
2.6.1 Mitigation of residual stress induced by welding exploiting 
transformation plasticity  
To reduce the level of residual stress in welded structures, a number of mitigation 
techniques have been proposed. These include; post weld heat treatment [36], shot 
peening, modification of the structural configuration and the implementation of the 
thermal tensioning technique [37]. The applicability of these methods may however be 
limited by their technical complexity, high capital and running costs or their design. 
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Although these approaches can lead to the reduction of residual stresses in welded 
components, residual stresses are in essence inevitable. An alternative approach to 
manage residual stresses in ferritic steels is to exploit the transformation strain 
associated with displacive phase transformations (e.g. martensitic or bainitic 
transformation) [38]. 
Many alloys undergo a solid-state phase transformation which is associated with 
volume change. Phase transformation in steel occurs either by a reconstructive or by a 
displacive mechanism [19]. In the reconstructive mechanism, the new structure is 
produced by the uncoordinated diffusion of atoms resulting from isotropic volume 
change. The displacive mechanism involves both a change in the crystal structure, and 
a deformation with a large shear component and dilatation strain [39, 40]. In 
multiphase materials i.e. ferritic steel, strains associated with solid state phase 
transformation can contribute to the evolution of residual stresses [41-44].  
Francis et al. [38] investigated the effect of transformation temperature in three welds 
using different weld filler alloys. In the welds, the residual stress distributions were 
analysed by means of neutron diffraction. Results revealed that a reduction of the 
transformation start temperature not only leads to the reduction of tensile longitudinal 
stresses in the weld region; but also be replaced with compressive stresses if the 
transformation start temperature falls below about 400 °C. 
The effect of phase transformation on residual stress in steel was also examined by 
Jones and Alberry in [45]. In a series of experiments on uniaxial restrained samples it 
was shown that residual stress increases continuously during cooling in fully austenitic 
steels. In ferritic steels however, the tensile stress accumulated during cooling can be 
mitigated, exploiting transformation plasticity. In addition, when the transformation 
temperature is decreased, lower residual stress will be produced. The absolute level of 
residual stress in the welds can be reduced by (i) the low strength of the material, (ii) a 
low transformation start temperature and (iii) by a welding preheat. 
Based on this work, low temperature transformation (LTT) welding filler alloys have 
been developed over the last two decades [46-48]. These filler alloys typically possess 
0−15 wt.-% Ni, 0−15 wt.-% Cr and exhibit a displacive transformation mechanism at low 
temperatures (usually below 400 °C). As the deposited weld metal cools down, the 
strain originating from the displacive transformation mechanism compensates for the 
thermal contraction strains. The temperature for the onset of the solid-state phase 
transformation is shifted into the low-temperature range where the material exhibits 
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higher stiffness. Thus the stresses induced by weld contraction are greater than those at 
higher temperatures. Transformation under applied stresses in the low-temperature 
domain leads to a more distinctive texture where larger shear strains can be generated.  
A low transformation temperature weld wire approach was implemented to prevent 
hydrogen assisted cracking in high strength steel welds by Zenitani et al. [49]. A series 
of Y groove weld cracking tests were conducted using three different consumables. 
These varied both the transformation start temperature and the microstructure. It was 
found that the low transformation temperature in combination with tailored 
microstructure can prevent cold cracking. Both the reduction of residual stresses and 
the microstructure consisting of martensite with retained austenite reduced the 
sensitivity to hydrogen assisted cracking. The performance of the welds was 
downgraded by a fully martensitic microstructure. This can be explained by the higher 
hydrogen solubility in the austenite whereas fully martensitic microstructures can 
absorb very limited amounts of hydrogen.  
Ohta [47] revealed the beneficial effect of the LTT filler alloy on fatigue strength. 
Although on the one hand these welding alloys have achieved the required reduction in 
residual stress they have, on the other hand, exhibited significant deterioration in 
fracture toughness. The fracture toughness of the recently developed LTT filler alloy 
has however been found satisfactory [8].  
 
2.7 Welding distortion 
Distortion of the welded assembly is largely affected by residual stress generated in the 
weld and is dependent on the constraints imposed by the geometry of the welded 
structure [11]. Welded components are typically subjected to several types of 
deformation, as shown in Figure 2-10. These include; transverse and longitudinal 
shrinkage, rotational, angular, bending or buckling distortion as defined by Masubuchi 
[50]. While shrinkage defines the volume change in the weld region and the heat 
affected zone as a function of temperature, the term welding distortion describes the 
behaviour of the welded component as a whole. Most of these types of deformation 
result from the shrinkage of the weld metal during cooling. For example, angular 
distortion is induced by the difference of thermal expansion and shrinkage through the 
plate thickness. In practice, several types of deformation can occur simultaneously and 
thus it can be difficult to distinguish between the different forms of distortions (e.g. 
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when comparing bending distortion to mode 1 buckling distortion), Figure 2-10. Here, 
the distortion can be the result of both angular distortion around the stiffeners and 
buckling deformation. Structures composed of thin plates with respect to their 
dimensions are usually prone to buckling distortion [51]. Masubuchi’s [50] definition of 
buckling distortion is that (i) an unstable mode of deformation, with a large magnitude 
of deformation (ii)  small changes in stress can results in a high rate of deformation and 
(iii) more than one stable mode of deformation can be present. The buckling distortion 
can be eliminated when the stress induced by welding is lower than the critical 
buckling stress. This can be achieved, for example, by a redistribution of stresses in the 
welded structure. 
 
Figure 2-10 Schematic representation of deformation patterns. The arrows indicate the 
shrinkage of the weld metal that causes relevant deformations [51]. 
 
2.8 Modelling of residual stresses and distortion 
Over the past three decades, much progress has been made in developing numerical 
models for the thermal and mechanical stress and strain fields that develop around 
welds, with particular emphasis on the prediction of residual stresses [41, 50, 52-55]. 
However, the prediction of weld induced distortion has historically been more 
problematic, both because of a lack of understanding of the boundary conditions 
associated with the applied constraints and because of the difficulty of modelling 
buckling instability. 
This is unfortunate because in many applications, such as shipbuilding, the control of 
distortion presents critical economic issues associated with the construction of large 
welded structures, for example the difficulty of fixturing and jigging presented by 
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welding one welded assembly to another. Necessarily fabrication is often performed in 
field environments where process control is more problematic. These conditions also 
limit the remedial measures, such as thermal tensioning, that can be taken to prevent 
distortion. In addition, any remedial approach should be capable of application to the 
full range of welding situations, e.g. to fillet and corner welds as well as to butt welds. 
Recently [38, 44, 56], it has been suggested that the strain associated with phase 
transformations can be used to control the residual stresses and distortion that arise 
during welding, for instance by modification of the filler metals used in Gas Metal Arc 
(GMA) welding. However, for optimisation of the welding sequence and to develop an 
understanding of the transient stress fields that develop around the weld, it is desirable 
to be able to model the phase transformations, for example in a welding finite element 
simulation. Recently, much progress has been made in this area in steels [57-59], 
following on from early work on modelling the austenite → ferrite transformation during 
welding [42]. 
Any weld model should in the first instance be validated against experimental data. 
First, the thermal conditions around the weld should be determined, typically using 
both thermocouples placed near the weld and the shape of the fusion zone. In addition 
the residual stresses can be characterised using incremental hole drilling, X-ray sin2 ψ 
measurements, synchrotron X-ray or neutron diffraction [60, 61]. Finally, the distortion 
itself can be characterised using, for example, photogrammetry or a co-ordinate 
measurement machine. Such validation provides confidence that any weld model 
developed may then be applied to varying plate geometries, enabling optimisation of 
the production sequence. 
Analytical solutions to calculate transient thermal fields around weld are nowadays 
implemented in finite element software packages. These are based on theory originally 
described by Rosenthal [62, 63] and Goldak [64]. An analytical solution for both the 
single and the double-ellipsoidal heat source in a 20 mm thick steel plate calibrated 
with the experimental data was proposed by Nguyen et al. [65]. In this work the 
transient temperature fields were calculated using Goldak heat source. A method to 
establish a quantitative relationship between the heat source and welding conditions 
was proposed to be used in thermo elasto-plastic analysis. 
Transient stress and temperature distributions in welded structures can be used to 
calculate distortion. Due to the weak coupling between transient temperature fields and 
mechanics, it is not necessary to analytically solve the effect of e.g. residual stress, 
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phase transformation, latent heat and microstructure on the temperature fields. Thus a 
sequentially uncoupled approach is usually used.  
Tsirkas [66] investigated the residual stress distribution and distortion in laser butt-
welded AH 36 shipbuilding ferritic 4 and 6 mm thick steel plates using the SYSWELD 
[67] finite element package. In the model, a Gaussian distribution of the heat source 
and a variation of material properties with temperature were considered. A conical 
shape of moving heat source was assumed. To account for diffusive phase 
transformation, the Johnson Mehl Avrami law was applied, whereas in the regions with 
high cooling rates (displacive transformation mechanism) the Koistinen Marburger law 
was used. Convergence studies were conducted to examine the effect of mesh size on 
prediction accuracy. It was found that a 1 mm division through the thickness allowed 
the model to predict distortion with sufficient accuracy (max. deviation 13%). The 
model developed was in reasonable agreement with experimental results. 
De et al. [68] conducted a two dimensional numerical analysis using a Gaussian 
distribution of heat intensity and a double ellipsoidal representation of heat source in 
laser spot welds. Temperature dependent mechanical and thermo-physical properties 
were considered in the model. The results were compared to weld pool dimensions 
observed on macrographs from actual welds in low carbon steel, where the model 
tended to slightly over predict the dimensions of the fusion zone. They concluded that 
the double ellipsoidal representation of the heat source is appropriate for the 
calculation of the transition to keyhole formation in laser spot welds. 
The influence of phase transformations on residual stresses induced in laser welds by 
3D and 2D numerical models was investigated by Ferro et al [69]. They concluded that 
the transformation plasticity and volumetric change caused by transformation has a 
major impact on the development of residual stresses and thus they should be 
considered in numerical models. 
Yaghi et al. [70] conducted a residual stress numerical analysis considering a multipass 
weld in thick steel pipes with a range of diameters and thicknesses. A parametric study 
revealed that in ferritic steels, the maximal stresses depend on pipe diameter. In thin 
pipes, tensile stresses develop in the regions closer to the inside surface whereas in thick 
pipe walls they developed near the outside surface. The peak compressive stresses in 
thin pipes were reported to concentrate close to the outside wall and vice versa in thick 
pipes. In thick-walled stainless steel, it was reported that the residual stress 
distribution does not depend on the pipe diameter. 
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Cho [71] proposed a numerical method to predict residual stresses in welds by 
considering solid-state phase transformations involving both medium carbon steel and 
low carbon steel. The analysis of medium carbon steel revealed the presence of 
compressive residual stress due to martensite formation when phase transformation was 
considered. However, in low carbon steel the residual stresses were not significantly 
affected by phase transformations. 
Mikami et al. [59] validated a T joint model against experimental measurements of 
angular distortion. A 9 mm thick bulb bar was welded onto a 9 mm thick steel plate by 
CO2 arc welding. During the weld fabrication the displacement was continuously 
monitored using a non-contact laser displacement sensor. In the weld trials, they 
employed both a conventional weld wire with a transformation start temperature of 
about 700 °C and a LTT weld wire with the onset of martensitic transformation at 
approximately 400 °C. Subsequently, a numerical analysis was performed considering 
temperature dependent materials properties and transformation kinetic from CCT 
diagrams using the SYSWELD [67] finite element package. Good agreement with 
experimental results was observed, as shown in Figure 2-11. The reduction of angular 
distortion when using the LTT weld wire was confirmed both experimentally and 
numerically.  
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Figure 2-11 Comparison of angular distortion for (a) conventional weld wire (b) LTT weld wire 
[59]. 
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2.9 Techniques 
2.9.1 Crystallography - EBSD for determination of orientation of crystals 
Polycrystalline materials such as steel consist of crystals with varying orientation. The 
orientation of a crystal in a three dimensional space is usually represented through a 
set of three Euler angles Φ, φ1 and φ2. Because the surface of a material is a two 
dimensional system, the orientation analysis can be reduced to two angles Φ and φ2. 
The third angle, φ1 describes the rotation in the surface. A series of pole figures (PF) 
are the standard way to represent texture in material. A more complete description of 
texture can be achieved using an orientation distribution function (ODF), where each 
point represents a specific component of texture. 
Pole figures are constructed using a stereographic projection, where a crystallographic 
plane (hkl) is projected perpendicular to the sphere around crystallite i.e. point P. The 
intersection on the plane of projection i.e. point P’ is then on point of the pole figure. 
 
 
Figure 2-12 Stereographic projection reconstruction of pole figure showing plane P projected 
onto plane of projection P’ [72]. 
 
Chapter 2   Literature review 
 
 
 
50 
2.9.2 Electron Backscattered Diffraction 
The Electron Backscattered Diffraction (EBSD) technique allows the acquisition of 
crystallographic data from samples usually employing a scanning electron microscope. 
The following describes the main principle of the EBSD. When an electron beam is 
focussed at a small region in the crystalline sample, the primary electrons are diffracted 
in all directions (inelastic scattering). In the bulk material close to the surface the 
scattered electrons generate new primary electrons which diffract on the atom lattice 
(backscattered diffraction). Due to the inelastic scatter, the electrons are generated 
from all directions in the bulk and there are sufficient electrons for each lattice band to 
satisfy the Bragg law conditions on low index lattice planes  
nλ = 2d hkl  * sin Θ hkl  
where n is an integer, λ is the wavelength of the electrons, dhkl is the lattice plane 
spacing and Θ hkl  is the Bragg angle on the diffracting crystallographic plane as shown 
in the Figure 2-13 (a). The electrons then scatter into one of the two Kossel cones,    
Figure 2-13 (b). The cones are orientated at an angle ΘB on either side of the 
crystallographic (hkl) planes. The cone intersects the Ewald sphere to form a dark line 
(Kikuchi line) on a phosphor screen. Because of symmetry in the reflecting plane, a 
parallel Kikuchi line will be generated. These two lines then form a Kikuchi pattern or 
electron backscattered diffraction pattern (EBSD). A Kikuchi pattern has a defined 
width and belongs to a specific (hkl) plane. If a crystal is tilted, the Kikuchi lines will 
move, but the position of the spots will not change [72]. Thus information about 
orientation of crystal in space is provided.  
The image is imported by a charge-coupled device (CCD) camera placed outside the 
chamber into a software program which usually uses a Hough or Radon transformation 
to determine the Kikuchi band geometry. The band geometry is then used to determine 
three Euler angles which identify the orientation of grain with regard to the sample 
coordinate system [73].  
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Figure 2-13 Schematic representation of formation mechanism of Kikuchi lines (a) inelastic 
scattered electrons on (hkl) planes under the Bragg angle ΘB to form Kossel  cones centred at P 
point, (b) the Kossel cones intercept the Ewald sphere, generating Kikuchi lines [72]. 
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An example of collected Kikuchi pattern in a scanning electron microscope is shown in 
Figure 2-14. 
 
Figure 2-14 An example of Kikuchi pattern [74]. 
The EBSD hardware is usually mounted on a scanning electron microscope and consists 
of phosphor screen (the Kikuchi pattern detector) in addition to a CCD camera for the 
live acquisition of Kikuchi patterns as shown in Figure 2-15. To maximise the intensity 
of the back scattered electrons, the specimens are usually tilted 70° relative to the 
detector. Raw Kikuchi patterns acquired by the CCD camera are enhanced through an 
image processor, allowing pattern contrast to be improved and the background noise to 
be subtracted. The patterns are then indexed using a relevant crystal file and the Euler 
angles for the crystal orientation are then determined and stored for post processing 
using analysis software e.g. the Channel 5 EBSD system supplied by HKL Technology. 
The software allows the orientation map and pole figures to be generated. 
 
 
Figure 2-15 Schematic representation of a EBSD system [75]. 
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An example of generated EBSD map in a ferritic steel weld is shown in Figure 2-16. 
The EBSD patterns were acquired under the following conditions: an acceleration 
voltage of 20 kV, an emission current of approximately 100 µA, a specimen inclination 
angle of 70° towards the camera, a scan step size 0.1 µm in both directions. Each 
individual scan covers a surface of 600 × 740 µm. 
 
Figure 2-16 EBSD map of weld fusion zone showing acicular ferrite (a) Inverse pole figure 
colouring and (b) Euler angles colouring.  
 
2.9.3 Transmission electron microscopy 
The transmission electron microscopy (TEM) is offers simultaneous information on 
microstructural features of a material including determination of its crystal structure, 
crystal defects, dislocations etc. employing for example diffraction, Energy Dispersive 
X-ray Spectroscopy (EDX). A conventional TEM operates at voltages ranging from 100 
to 400 kV, where electrons pass through a thin sample (thickness 10 - 100 nm). In a 
modern TEM a lateral resolution of about 0.1 nm can be reached. Rotation and 
symmetrical electric and magnetic lenses are used for the imaging.   
The most frequently used TEM modes are diffraction imaging and bright field imaging. 
The position of the objective lens determines the imaging mode. The SAD diffraction 
mode of TEM presented in the Figure 2-17a where the intermediate lens selects the 
back focal plane of the objective lens. If the objective lens is inserted and the SAD 
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aperture removed then the intermediate lens selects the image plane of objective lens 
and thus the image could be projected on the screen as shown in the Figure 2-17b. 
 
Figure 2-17 Basic operations of TEM imaging system (a) projecting the diffraction pattern on 
the viewing screen (b) onto the screen [72]. 
 
2.9.4 Residual stress measurements 
Neutron diffraction analysis is important in validating numerical models for weld 
residual stresses. The welding induced distortion is directly related to the state of 
welding residual stresses. It is therefore of considerable importance to determine 
residual stress distribution in the welded plates. Residual stress measurements can be 
performed using the neutron diffraction (ND) technique diffractometer. The neutron 
diffraction is based on the Braggs law, Figure 2-18. 
nλ = 2d hkl  * sin Θ hkl   
where λ  is the wavelength of the radiation, hkld is the lattice plane spacing and Θ hkl is 
the Bragg angle for a given crystallographic plane (denoted using Miller indices) [4]. 
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Figure 2-18 Schematic of diffraction taken from [76]. 
 
Figure 2-19 shows principle of the gauge volume definition at diffractometer. The gauge 
volume is defined through both the incident beam slit and the diffracted beam slit. 
 
Figure 2-19 Schematic representation of gauge volume definition [35].  
A schematic representation of a diffractometer used for neutron diffraction stress 
analysis is shown in Figure 2-20. At reactor sources, a continuous monochromatic beam 
of neutrons is produced by using a monochromator to select a given neutron 
wavelength from a polychromatic neutron beam. If a sample is placed in a 
monochromatic beam of neutrons, then its lattice spacing can be determined if the 
incident wavelength of the diffracting neutrons is known. 
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Figure 2-20 Schematic illustration of a typical continuous source based diffractometer for strain 
measurement [76]. 
Elastic strain will be apparent as a shift in the value of hklθ2 for a particular 
crystallographic plane. The residual strain in a specified direction is therefore 
determined using 
hklhklhkl
hkl
hklhkl
hkl d
dd
,0,0
,0
,0
cot)( θθθε −=−=   
where 0d  and 0θ  are the strain free values of the lattice spacing, and Bragg angle, 
respectively. The strain free values may be determined from measurements on reference 
samples [1].  
When strains have been measured in three mutually orthogonal directions the direct 
stresses 1σ , 2σ and 3σ  can be determined from  
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where i is the direct stress index, E and ν are the elastic modulus and Poisson’s ratio, 
respectively. When measurement are associated with a specific crystallographic plane, 
then plane specific values of the elastic modulus and Poisson ratio are used in the last 
equation. 
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Chapter 3  
Material and experimental procedure 
3.1 Summary 
Steel plates were welded using gas metal arc welding. The fabricated welds were 
examined including residual stress measurements by means of neutron diffraction, 
microstructural characterisations using optical microscopy, in-situ confocal laser 
scanning microscopy, scanning and transmission electron microscopy in addition to 
electron backscattered diffraction technique. The general features of macro and 
microstructures of the fabricated welds are outlined here. 
3.2 Production of experimental welds 
Weld trials were carried out to capture thermal profiles and the characteristics of 
residual stress including distortion patterns generated in thin ferritic steel plates by 
GMAW procedure [1, 2, 77]. The material chosen for the base plate was a high strength 
low alloy DH-36 steel. In a trial, two plates of dimensions 500 mm long, 250 mm wide 
and 4 mm thickness were single pass butt welded. Two filler material weld wires (1 mm 
in diameter) were used; one was a conventional weld wire (CW) which undergoes solid-
state phase transformation at a relatively high temperature, 560 °C, and the other was 
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the one with a low transformation temperature (LTT) i.e. 420 °C. The chemical 
compositions of the plates and the weld consumables are shown in Table 3-1. Nickel 
was the primary addition made to lower the transformation temperature in the LTT 
wire. 
Table 3-1 Chemical composition (wt. %) of steel plate, CW weld wire and LTT weld wire. 
 
During manual welding the plates were rested, unclamped, on wooden pallets. They 
were held 4 mm apart by series of approximately 25 mm long tack welds at three 
locations with intervals of approximately 220 mm. A ceramic backing tile was used to 
contain the weld pool.  
The welding conditions employed are listed in Table 3-2. The overall heat input was 
nearly the same for both welds manufactured. 
 
Table 3-2 Welding conditions employed. 
 Weld 
speed 
[mm s-1] 
Weld 
current 
[A] 
Weld  
voltage 
[V] 
Heat 
input 
[kJ mm-1] 
CW 2.7 150 18 1.00 
LTT 3.5 180 20 1.03 
 
During the welding trials the temperatures were measured at distances 5.5, 11.5 and 
32 mm from the weld centre line using K-Type thermocouples. To collect and record 
the data the National Instrument SC device was used. Signal filtering >10Hz was 
performed. The noise was isolated from the power source. The thermocouples were spot 
welded on the top and bottom surface and measurements were conducted until the 
plates cooled down to room temperature. The acquired temperature profiles are shown 
in Figure 3-1 and these thermal cycles are typical for GMAW welding. As the torch 
approaches, the temperature increases sharply and then it decreases with slower rate. A 
peak temperature of 911 °C was recorded for the thermocouple 5.5 which corresponds 
 C Si Mn P S Cu Ni Cr Nb 
Steel plate 0.11 0.18 1.29 0.01 0.004 0.02 0.03 0.03 0.01 
CW weld wire 0.07 0.61 1.42 0.01 0.01 0.14 0.04 0.02 0.02 
LTT weld wire 0.04 0.32 0.36 0.008 0.004 0.15 11.9 - - 
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to fully austenitic state. The recorded cooling rate immediately after the peak 
temperature was approximately 70 °C s-1. 
 
Figure 3-1 Temperature profiles measured during welding where 5.5 denotes distance from weld 
centre line in mm. 
3.3 Residual stress measurements 
The welding induced distortion is directly related to the state of welding residual 
stresses. It is therefore of considerable importance to determine residual stress 
distribution in the welded plates. Residual stress measurements were performed using 
the neutron diffraction (ND) technique on butt welded plates employing the SALSA 
diffractometer at ILL, Grenoble, France. The neutron diffraction is based on the Braggs 
law and is explained in section 2.4.9.  
Strain measurements were made at the mid-length and thickness of the plate in the 
longitudinal, transverse and normal directions using the {211} peak with neutrons of 
wavelength λ = 1.685 Å. This peak was selected because of its insensitivity to 
microstrain accumulation. 
3.3.1 Reference samples 
In order to determine strains it is necessary to have a reference strain-free lattice 
parameter, in this case 0θ . Macroscopically strain free comb reference samples from 
plates welded with conventional weld wire were manufactured for this purpose. Since 
the process of comb manufacture is destructive the combs were taken from butt welded 
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stiffened plates which were welded under similar conditions to those considered here. 
The comb teeth were 40 mm in height, had a square (2 mm × 2 mm) cross-section and 
were equispaced with a centre to centre distance of 4 mm. This enabled the strain free 
lattice parameters to be measured at various distances from the weld position. This is a 
reliable estimate of a changing reference parameter due to both textural and 
microstructural variation [78] 
The butt weld reference comb was centred upon the weld and contained a total of 26 
teeth. The long axes of the teeth were parallel to the welding direction. For 
completeness, it would be of benefit to manufacture additional samples extracted from 
LTT weld metal. However, lattice parameter variations due to the different chemical 
composition of weld metals were not considered. In addition, thermal cycling during 
welding may cause local compositional changes in the heat affected zone. 
Neutron diffraction measurements were performed at a number of positions across the 
welds which were located at the plates’ mid-length and thickness. The measurement 
positions are indicated in Figure 3-2.  
 
 
 
 
 
 
 
 
 
Figure 3-2 Schematic illustration of the butt welded plate indicating the positions of the neutron 
diffraction measurements. 
The gauge volumes used for each measurement are given in Table 3-3. The specimens 
were placed in three orientations to measure the strain in the longitudinal direction 
(along the weld), transverse direction and normal to each plate’s surface. 
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Table 3-3 Gauge volumes used for various measurements. 
Gauge Volume [mm3] Sample Direction 
Primary Slit 
Width [mm] 
Slit Height 
[mm] 
Gauge 
Width [mm] 
 Longitudinal 1 1 1 
Reference comb Transverse 1 10 1 
 Normal 1 10 1 
 Longitudinal 1 2 1 
CW Transverse 1 5 1 
 Normal 1 5 1 
 Longitudinal 2 2 1 
LTT Transverse 2 10 2 
 Normal 2 10 2 
 
3.3.2 Residual stress measurements results 
3.3.2.1 Reference comb samples 
Obtaining a relevant reference lattice parameter is crucial in any diffraction-based 
residual stress measurement. A reference comb is usually used, allowing a reliable 
estimate of reference lattice parameter [78]. The variation in the strain-free Bragg angle, 
0θ , measured in the butt weld comb are shown as 02θ  against distance from the weld 
centre Figure 3-3(a)-(c) in the longitudinal, transverse and normal direction 
respectively. Significant scatter can be seen in the data in all measurement directions 
(in longitudinal, normal and transverse directions), but is greatest in the longitudinal 
direction which is contributed to by the relatively high error associated with the 
measurements in this direction. However a peak in 02θ  can be seen at the weld centre, 
especially in the longitudinal direction Figure 3-3(a) due to the changes in the 
material’s composition and microstructure within the weld region which extends 
approximately ± 5 mm from the weld centre. In fact, for the longitudinal direction the 
average of the 02θ  values within the weld zone is 0.028° higher than the average of the 
02θ values within the undisturbed parent material (PM) region. This difference in the 
average values of the weld and PM region is indicated by the dashed line in Figure 
3-3(a).  
Chapter 3   Material and experimental procedure 
 
 
 
62 
96.24
96.25
96.26
96.27
96.28
96.29
96.30
96.31
-50 -40 -30 -20 -10 0 10 20 30 40 50
Distance From Weld Centre (mm)
2θ
°
Longuitudinal
(a)
 
96.24
96.25
96.26
96.27
96.28
96.29
96.30
96.31
-50 -40 -30 -20 -10 0 10 20 30 40 50
Distance From Weld Centre (mm)
2θ
°
Transverse
(b)
 
96.24
96.25
96.26
96.27
96.28
96.29
96.30
96.31
-50 -40 -30 -20 -10 0 10 20 30 40 50
Distance From Weld Centre (mm)
2θ
°
Normal
(c)
 
Figure 3-3 θ0 measurements in butt weld comb welded with conventional weld wire in the                 
(a) longitudinal, (b) transverse and (c) normal direction. 
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3.3.2.2 Butt welded plates 
The values of 02θ  measured in plate welded with conventional weld wire is shown in 
Figure 3-4. The 02θ values are symmetrical about the weld centreline. As can be seen 
from this figure the values of 02θ tend to be approximately constant at distances greater 
than 30 mm from the weld centre line in all directions. Note that by comparing    
Figure 3-4 and to the reference comb values in Figure 3-3 it can be seen that the far 
field values of 02θ  in the plate do not correspond to the values away from the welded 
region of the comb. This has been attributed to batch to batch variability in the plate 
material since the reference combs were manufactured from welded plates obtained 
from a different batch of materials during previous welding experiments. 
Should the reference comb 02θ values be used on actual plate, then an unrealistically 
high stress would be predicted at the far field distances. To overcome this issue, the 
average far-field values of θ2 measured in welded plate have been used as 02θ  away 
from the weld region. Within the weld zone (± 5 mm from the weld centre) these 
values have been increased by 0.028° to correspond to the offset in 02θ  values exhibited 
in the reference combs, which is considered to be a real trend. 
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Figure 3-4 Bragg angle 2θ0 measurements in conventional weld wire. 
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3.3.2.3 Effect of weld consumables  
The residual stress distribution in the three measurement directions for plate welded 
with conventional weld wire are compared to that of plate welded with a LTT weld 
wire in Figure 3-5. The peak longitudinal tensile stresses at the weld centre in the 
conventional weld wire are on the order of the yield strength of this material. The peak 
longitudinal stress values are necessarily limited to the material’s room temperature 
yield stress. In the LTT weld wire a compressive stresses of approximately 100 MPa are 
measured in the fusion zone and its vicinity, which can be attributed to its lower 
transformation temperature as explained in the Section 3.5.    
Large compressive stresses in transverse direction are observed in the LTT plate. This 
can be attributed to the increased strain due to the texture. The stresses in the normal 
direction are negligible as expected in thin plates. 
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Figure 3-5 Comparison of residual stresses in CW and LTT weld metals. 
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3.4 Compression tests 
Isothermal compression tests were conducted to determine the temperature dependence 
of the materials yield stress. Cylindrical compression specimens were extracted by 
electrical discharge machining in the longitudinal direction from the fusion zones of 
welded samples from both the conventional and LTT wire welds, and parallel to the 
rolling direction from the base metal. The specimens were nominally 3.9 mm in 
diameter and 5 mm in height from the fusion zone and 2.9 mm in diameter and 3.5 mm 
in height from the base metal. In order to minimise high temperature oxidation the 
radial surfaces of samples were coated with a high viscosity glass. To negate friction 
between the specimens and machine during compressive deformation, a boron nitride 
release agent was applied on the upper and lower surfaces of the specimens. 
Compression tests were performed in a servo-hydraulic test frame fitted with a 100 kN 
load cell. The tests were carried out at constant strain rate of 1 × 10-3 s-1 to a final 
strain of 0.5. Specimens were heated to the test temperature at a rate of 50 °C min-1 in 
an infrared furnace and held for a 3 min dwell period prior to performing the test under 
atmospheric conditions. A K-type thermocouple, located 5 mm below the bottom ram 
platen, was used to monitor and control the furnace temperature. The target test 
temperatures were 20 °C and from 100 °C to 900 °C in 100 °C increments. The 0.2 % 
offset true yield stress was established from the true stress - true strain plots as shown 
in Figure 3-6. It is to be noted that no extensometer or machine stiffness correction 
were accounted for. As can be seen in Figure 3-6 the flow behaviour is characterised by 
initial elastic deformation to a peak yield stress followed by a nearly steady state flow 
regime. The peak yield stress magnitude decreases with increasing temperature.  
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Figure 3-6 Experimentally determined compressive true stress - true strain plots for LTT weld 
metal at 20, 500 and 800 °C. 
3.5 Dilatometric tests 
The phase transformation temperatures and thermal expansion coefficients were 
determined using a Netzsch dilatometer with specimens 4 × 4 mm in cross-section and 
25 mm in length extracted in the longitudinal direction from the fusion zones of 
samples using both conventional and LTT wires, in addition to samples oriented 
parallel to the rolling direction from the base metal. The samples were heated at       
10 °C min-1 to 1100 °C, held for 30 minutes, and then cooled at 10 °C min-1 to room 
temperature. The coefficient of thermal expansion was determined from the dilatometer 
data between 300 - 500 °C for ferrite and 700 - 1100 °C for austenite. An example of 
the analysis is shown in Figure 3-7. 
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Figure 3-7 Experimentally determined dilatometric curves for CW and LTT weld metals. 
 
3.6 Microstructural survey  
3.6.1 Optical microscopy and scanning electron microscopy  
The butt welded plate has been sectioned to examine the macro and microstructure of 
the weld cross-section. All of the microstructural observations including optical 
microscopy, scanning electron microscopy (SEM), transmission electron microscopy 
(TEM) and electron backscattering diffraction (EBSD) were carried out in the 
longitudinal direction, i.e. in the plane parallel to the rolling direction of the rolled 
sheet.  
Specimens for both light and scanning electron microscopy were cut using a flood 
lubricant, mounted and wet ground on SiC papers up to a Grade 4000, then polished 
using diamond paste, down to 1 µm followed by Al2O3 emulsion. Subsequently the 
specimens were ultrasonically cleaned and lightly etched using 2 % Nital solution for 
five seconds at room temperature.  
OLYMPUS optical microscope and the LEO Gemini 1525 a high resolution field 
emission gun scanning electron microscope (FEGSEM) equipped with a LaB6 filament 
were used for both the microstructural and the EBSD characterisations.  
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A macrograph of the conventional wire weld is shown in Figure 3-8, where the fusion 
zone, heat affected zone (HAZ) and parent material (PM) regions can be seen. The 
weld extends a distance of approximately 4.5-6 mm from weld centerline. A HAZ      6-
9 mm from weld centre line is observed and hence the uninfluenced PM is seen at 
distances of over 10 mm from the weld centre.  
 
Figure 3-8 Macrograph of CW welded region. 
 
In Figure 3-9 both optical and secondary-electron micrographs taken from the regions 
indicated are shown. Proeutectoid ferrite was observed at the prior austenite grain 
boundaries of the fully transformed solidification microstructure while the remainder of 
the prior austenite grains consisted of interlocked acicular ferrite and cementite. The 
prior austenite grain size was ~ 500 µm long and ~ 100 µm wide. The acicular ferrite 
with cementite can be seen in Figure 3-9 (a), where pores and non-metallic particles are 
also observed. Light microscopy show evidence of an alignment of acicular ferrite laths 
in the LTT weld metal. This alignment can be taken as evidence of preferred 
orientation. 
Close to the fusion boundary, Figure 3-9 (b), a transformed bainitic microstructure is 
observed. The distribution of cementite precipitates between the ferrite platelets in 
upper bainite can be seen in Figure 3-9 (b) where lath morphology is clearly observed. 
The typical ferritic-pearlitic microstructure of the parent material is shown in       
Figure 3-9 (c). Though not clearly seen in Figure 3-9 (c), the pearlite is banded in the 
rolling direction. Ferrite grains of up to 40 µm in size have been found and the pearlite 
grains size is approximately 15 µm.  
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Figure 3-9 Optical (left) and FEGSEM-SE micrographs (right) of the (a) fusion zone LTT wire, 
(b) fusion zone conventional wire (c) HAZ and (d) base material. 
a) 
b) 
c) 
d) 
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Evidence of alignment of acicular ferrite laths in the LTT weld metal was confirmed in 
Figure 3-10. In Figure 3-10(a) the preferred orientation of acicular ferrite laths is 
shown. The laths are orientated at approximately 90° to each other. In contrast, the 
microstructure in the conventional weld metal does not show any evidence of preferred 
alignment and it can be considered as random, Figure 3-10. 
 
 
Figure 3-10 FEGSEM SE mode micrographs in the fusion zones of a) LTT weld metal, b) 
conventional weld metal. 
In a weld metal it is convenient to analyse particles (i.e. morphology) in a fractured 
surface. Thus, samples were cooled down to subzero temperatures in liquid nitrogen 
and fractured. The fractographs obtained in the fusion zone are presented in       
Figure 3-11. 
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Figure 3-11 FEGSEM SE fractographs of fusion zone showing morphology of non-metallic 
inclusions in (a) conventional weld metal, (b) LTT weld metal. 
 
In the fusion zone of the conventional weld wire Figure 3-11(a) regular round non-
metallic inclusions (diameter of approximately 1 µm), confirmed by EDS analysis-and 
pores are also clearly visible. In the fusion zone of LTT weld wire, Figure 3-11(b) round 
non-metallic inclusions (diameter below 1 µm) are present. No pores are visible on the 
fractured surface.  
Orientation contrast identification was carried out by means of the electron 
backscattering diffraction (EBSD) technique. Mechanical polishing and chemical 
a) 
b) 
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etching was sufficient preparation for light optical and conventional scanning electron 
microscopy examination. For the EBSD examination electro polished samples were 
required. The samples for EBSD examination were prepared by mechanical grinding 
and polishing with a final polishing step of 1 µm diamond paste. The last sample 
preparation step was electrolytic polishing with A2 Struers® electrolyte, at a tension of 
40 V, a flow rate of 6 (instrument setting) and a time of 15 sec. After electrolytic 
polishing only a low quality EBSD patterns were observed. Thus TEM foils (this 
preparation method which produced significantly better patterns is described in the 
Section 3.6.2) were used for the examination.  
The EBSD system was attached to the LEO Gemini 1525 FEGSEM. The EBSD 
patterns were acquired under the following conditions: an acceleration voltage of 20kV, 
an emission current of approximately 100 µA, a specimen inclination angle of 70° 
towards the camera, a scan step size 0.1 µm in both directions. The microtexture data 
were used to analyse the local lattice orientation, the grain boundary topology, and the 
grain boundary character distribution in the samples. The EBSD data were post-
processed by means of the commercial HKL Channel5 software.  
3.6.2 Transmission electron microscopy 
From the fusion zone of the butt welds specimens were cut transverse to the welding 
direction to dimensions of 1 mm in thickness for the transmission electron microscopy 
(TEM) foils preparation. The specimens were ground down to a thickness of 150 µm 
using SiC paper up to 1200 grade then cleaned in water and ultrasonically in ethanol. 
The final foil specimens were prepared from punched 3 mm discs, after fine grinding 
down to a thickness of about 50 µm. Twin jet electrolytical thinning (Struers Tenupol 5) 
to electron transparency in a solution of ethanol with 5 % perchloric acid at 
approximately  -20  °C and an applied voltage of 22 V.  
TEM specimens were conventionally examined in a Jeol 2000 FX TEM operating with 
a LaB6 filament and equipped with Oxford Instruments ultra-thin window (capable of 
detecting light element Z>4) energy dispersive X-ray spectrometer and PEELS 
spectrometer (Gatan 666). Experimental results were recorded by a CCD camera. 
Bright field transmission-electron microscopy images (BF TEM) have been obtained 
from thin foil specimens to enable a microstructural characterisation of samples. 
Figure 3-12 shows the TEM micrographs of a microstructure comprising packets of 
acicular ferrite plates with a high dislocation density and non metallic inclusions. In 
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Figure 3-12 (a) right hand side also carbide precipitation is visible particularly in 
micrographs. In the Figure 3-12 (b) similar microstructure can be observed. However 
due to the lower carbon content in the LTT weld metal no carbides were detected.  
 
  
  
Figure 3-12 BF TEM micrographs of fusion zone showing microstructure comprising of acicular 
ferrite plates and non metallic inclusions in (a) CW, (b) LTT weld metals. 
The TEM study indicated a microstructure with high dislocation density in the heat 
affected zone (HAZ), as shown in Figure 3-13 (a). The presence of upper bainite in the 
HAZ, with the characteristic sheaf morphology observed in Figure 3-9 (b), has been 
confirmed by BF-TEM, Figure 3-13 (b). The microstructure consists of parallel major 
laths, ~ 10 - 15 µm in length and ~ 1 µm in width. Dark carbide precipitates are clearly 
visible between the sheaves of ferrite platelets, Figure 3-13.  
 
a) 
b) 
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Figure 3-13 BF-TEM micrograph of the heat affected zone (a) Fe3C-free area subunits with high 
dislocation density (bainitic ferrite) (b) bainitic plates with Fe3C. 
 
 
b) 
a) 
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3.6.3 In-situ confocal laser scanning microscopy  
Time resolved experiments were performed employing a high temperature confocal laser 
scanning microscope (CLSM). The focus of the examination was to elucidate the 
formation of austenite structure on heating followed by decomposition of austenite 
during the cooling cycle. The sequence of nucleation and growth during the 
transformation as a function of time was observed. The laser beam was reflected and 
scanned by an acoustic optic deflector in the horizontal direction at a rate of 15.7 kHz 
and by a galvano mirror in the vertical direction at 60 Hz. A He-Ne laser of 1.5 mW 
with 0.5 µm diameter was used. The signals for the reflections at different depths from 
the specimen surface were stored and reproduced as a quasi three-dimensional image 
[79].  
The 2 mm thick disc shaped sample was prepared as per Section 3.6.1 and placed in an 
alumina crucible and subjected to a thermal cycle presented in Figure 3-14. During the 
in-situ experiment the temperature was monitored by a R-type thermocouple placed in 
an infrared furnace. The temperature was ramped up to 1300 °C at a rate of 40 °C s-1. 
After holding for 5 min a constrained cooling using He gas at a rate of 15 °C s-1 was 
applied as shown in Figure 3-14.  
 
Figure 3-14 Schematic representation of thermal cycl e used for the CLSM experiment. 
The microstructural evolution of the specimens was continuously followed. Time 
resolved (snap shot) micrographs taken in-situ can be seen in Figure 3-15, where the 
development of microstructure is presented. Initially, ferritic microstructure (a) is 
transformed to fully austenitic phase (b). Austenite grains are clearly visible at 1300 °C. 
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The still fully austenitic microstructure at 653 °C achieved following cooling with a 
cooling rate of 16 °C s-1 from 1300 °C is presented in (c). When the temperature 
reaches 632 °C the first bainite/acicular ferrite plate starts to form by displacive 
transformation mechanism. The nucleation is at the austenite grain boundary and the 
growth direction is into the central region of the austenite grain. However some of the 
plates nucleate at precipitates. The nucleation and growth of plates occurs 
intragranularly. Such formation is consistent with the acicular ferrite transformation 
theory described by Bhadeshia [19]. Subsequent figures illustrate the time resolved 
decomposition progression, and give detailed information about the kinetics of 
transformation. From these micrographs, the velocity of acicular ferrite growth was 
estimated to be 5 µm s-1. The examination revealed that that the transformation is 
completed at around 560 °C in 3 s. However, due to limited resolution of the 
microscope it was not possible to study the evolution of microstructure i.e. cementite 
precipitation in more detail. 
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Figure 3-15 Sequence of time resolved CSLM micrographs1 conducted in LTT weld metal during 
cooling from austenite state, where 1.4 s indicates time from start of heating in s. 
                                     
1
 Experiments conducted with Professor H. Terasaki at JWRI, Osaka University, Japan.  
Chapter 3   Material and experimental procedure 
 
 
 
78 
3.7 Conclusions  
The program of experimental work on fabricated steel butt welded plates is outlined in 
this chapter. The examinations include residual stress measurements by means of 
neutron diffraction, microstructural characterisation using optical microscopy, scanning 
and transmission electron microscopy. General features of macro and microstructures of 
fabricated welds were documented. In this regard, the following remarks may be 
summarised:  
Residual stress distributions and distortion profiles have been established on thin       
(4 mm thick) plates made from a ferritic steel designated grade DH-36. The effect of 
two weld consumables on residual stress was examined. The different weld consumables 
generate dissimilar residual stress patterns. The conventional weld metal produces 
tensile longitudinal stresses of approximately 400 MPa, whereas in the LTT weld metal 
compressive stresses of -100 MPa are induced in the vicinity of the weld.  
In the conventional weld metal the entire fusion zone consists of proeutectoid ferrite at 
the prior austenite columnar grain boundaries of the fully transformed solidification 
microstructure while the remainder of the prior austenite grains consisted of interlocked 
randomly orientated acicular ferrite and cementite. The examination of microstructure 
of the fusion zone in the LTT weld metal revealed that it comprises of acicular ferrite. 
In addition, the examination gives some indication of alignment of acicular ferrite 
plates.   
Further characterisation of the microstructural development during rapid cooling from 
austenitic state was investigated using time resolved confocal scanning laser microscopy 
(CSLM) providing useful information about onset of transformation temperature and 
kinetic of transformation which can be utilised in finite element modelling. 
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Chapter 4  
An initial finite element model for 
welding. Effect of phase transformation 
start temperature on residual stress 
4.1 Summary 
The effect of solid-state phase transformation at low temperatures on residual stresses 
in butt welded ferritic thin steel plates has been examined employing an finite element 
(FE) code JWRIAN [86]. An algorithm considering the solid-state phase transformation 
has been developed and implemented in a thermo-elastic-plastic analysis of the FE code. 
A number of analyses have been conducted to examine the effect of Martensite start 
(Ms) temperature on residual stresses. It has been shown that solid-state phase 
transformation at low temperatures has a profound effect on residual stress state in 
welded thin steel plates. 
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4.2 Introduction 
Weld induced residual stresses are major contributors to the overall stress states in 
welded structural components. Residual stresses can be detrimental to the performance 
of component assemblies and can induce, in addition to distortion, failures through 
stress-corrosion cracking, brittle fracture or lead to the deterioration of fatigue life. A 
number of conventional mitigation techniques have been proposed e.g. post weld heat 
treatment [80], shot peening, modification of the structural configuration and the 
implementation of the thermal tensioning technique [37]. The applicability of these 
methods may however be limited due to their technical complexity, high capital and 
running costs or their design. An alternative approach to manage residual stresses in 
ferritic steels is to exploit the transformation strain associated with displacive phase 
transformations (e.g. martensitic or bainitic transformation) [38].  
A predictive tool is required to determine the distortion and stress state in welds where 
displacive phase transformations occur. In the case of ferritic steels, displacive 
transformation mechanisms that arise during welding generates large shear strains [56], 
and the weld-induced distortion and residual stresses in these materials can not be 
accurately described unless phase transformation is accounted for.  
The high costs of experiments drive the development of numerical models. Numerical 
simulations of residual stresses that arise during fusion welding process have been 
carried out for nearly three decades. To date, only few attempts were carried out to 
consider solid-state displacive transformation in the numerical models [42, 58, 81]. The 
recent advancement in computational power makes it possible to develop complex 
numerical models to accurately predict the real process, which finally enables to 
optimise process parameters.  
In this chapter, a model for computing residual stresses will be introduced. A numerical 
assessment is performed to examine the effect of displacive phase transformation onset 
temperature, on residual stress states in welded thin steel plates. 
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4.3 Welding procedure  
A butt welded high strength low alloy (HSLA) steel plate welded by the gas metal arc 
welding (GMAW) process is considered [2]. Two equally sized base plates of dimensions 
200 × 150 × 4 mm are butt-welded together. Hypothetical weld wires with a range of 
transformation start temperatures are accounted for in addition to a wire that does not 
exhibit any phase transformations (i.e. pure expansion of the material by heating and 
contraction by cooling-without any phase transformation). In all cases a single pass 
weld is considered. The welding parameters employed are summarised in the Table 4-1. 
 
Table 4-1 Welding parameters. 
Weld  
length  
[mm] 
Weld  
Speed 
[mm s-1] 
Weld  
Current 
[A] 
Weld 
voltage 
[V] 
Heat  
input 
[kJ mm-1] 
200 3.5 180 20 1.03 
 
4.4 Finite element analyses  
A sequentially-coupled heat transfer and mechanical finite element analysis was 
performed using the finite element code JWRIAN developed at JWRI, Osaka 
University, based on the iterative substructure method. This approach aims to reduce 
the computation time of thermal-elastic-plastic analyses by dividing the model into 
linear or weakly non-linear and highly non-linear regions. An iterative approach is used 
to ensure continuity of tractions between the regions. An algorithm which considers 
solid-state phase transformation has been developed and employed. Here, the phase 
transformation strain is computed and added to the thermal strain.  
Variations in the yield stress of the base and weld metals due to the displacive and 
austenitic transformations were incorporated. The modelling framework developed 
distinguishes between the heating and cooling cycles at each node. 
Conventional von Mises’ elasto-plastic flow theory was adopted in the analysis. Each 
tensor component of the total strain ε is additively decomposed into the (tensor) 
thermal εT, elastic εe, plastic εp and transformation strains εtr. 
ε=εT + εe + εp + εtr  
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The strain increment is then 
∆ε=∆εT + ∆εe + ∆εp + ∆εtr  
where the thermal strain increment is 
∆ε
T = α(T)∆T  
and α is the (temperature dependent) coefficient of thermal expansion and ∆T is the 
difference between a reference temperature and the material temperature. The strain 
increment contribution due to transformation ∆εtr, results from the volumetric change 
when the material exhibits a solid state phase transformation. Shear strains internal to 
the material due to variant selection are not considered. 
 
4.4.1 Temperature dependent materials data 
Temperature dependent mechanical and thermo-physical properties were incorporated 
in the FE analysis. For simplicity, homogenous material properties (with no difference 
between fusion zone and base metal) were considered. Temperature dependent 
mechanical properties for phase A (i.e. ferrite/martensite/bainite/acicular ferrite) and 
for phase B (i.e. austenite) are shown in Figure 4-1(a) and Figure 4-1(b) [82]. When 
heating up to the Austenite start temperature (As) the temperature dependent 
mechanical properties of phase A are considered as shown in the Figure 4-1(a). After 
reaching the Austenite finish temperature (Af), and when by cooling until the 
Martensite start temperature (Ms) is reached, the temperature dependent mechanical 
properties of phase B, as shown in the Figure 4-1(b), are appropriate. The 
transformation is completed at Martensite finish temperature (Mf). In the region of 
phase transformation from ferrite to austenite (As → Af) and again from austenite to 
martensite/ferrite (Ms→Mf) a mixture law is applied. The thermal expansion coefficient 
of phases A and B have been taken to be 1.5 × 10-5 K-1 and 2.2 × 10-5 K-1, respectively.  
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Figure 4-1 Temperature dependent mechanical properties employed in the model for a) phase A 
and b) phase B. 
The temperature dependent thermo-physical properties employed for both phases are 
shown in the Figure 4-2 [82]. Latent heat during the solid/liquid transition has not 
been considered. 
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Figure 4-2 Temperature dependent thermo-physical properties employed in the model. 
4.4.2  Finite element models  
A sequentially uncoupled three-dimensional thermo-mechanical analysis was performed. 
Symmetry was assumed across the weld centre line. The plate was allowed to deform 
freely; however rigid body motions were restrained. The exact shape of the weld bead 
and the use of tack welds were not considered. In the weld zone, three elements 1 mm 
wide and 2.5 mm long were used. 4 × 1 mm elements were used through-thickness, 
allowing the residual stresses to be captured [82]. In the fusion zone and its vicinity fine 
mesh is adopted as shown in Figure 4-3. The model contains 9,600 elements. 
Convection and radiation heat transfer boundary conditions were employed on the free 
surfaces using  
Qloss = h ∆T  
where Qloss is the heat flux loss, h is the combined convection and radiation heat 
transfer coefficient and ∆T is the difference between the surface and room temperature, 
as before. The value of h was determined empirically to fit the thermocouple 
measurements reported in [2], Figure 4-2. Latent heat of fusion was not considered 
explicitly. 
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Figure 4-3 Finite element model employed. 
4.4.3 Finite element procedure  
A sequentially uncoupled analysis has been performed where a thermal analysis is first 
completed to solve for thermal profiles. A mechanical analysis has been subsequently 
executed which reads in the temperature profiles and solves for strains and stresses.  
A non uniform distributed heat flux was employed using a 10 mm (length) × 4 mm 
(half-width) × 4 mm (depth) heat source moving at the welding velocity. A net heat 
input per unit length, Q, was employed where Q = ηIV/v, with, η being the thermal 
efficiency, V and I the weld torch voltage and current and v the welding speed. A 
thermal efficiency of η = 0.7 was assumed in the computation. 
The resulting temperature histories were used to carry out incremental thermal-elastic-
plastic analyses to obtain the strains and stresses using a weld filler material that has a 
Ms and Mf-temperature of 250 °C and 135 °C, respectively. In order to examine the 
effect of the phase transformation onset temperature on the resulting residual stresses, 
a number of analyses have been performed considering various hypothetical filler 
materials with a range of transformation-start temperature characteristics, in addition 
to weld metal which does not exhibit any solid-state phase transformation.  
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4.5 Results and discussion 
4.5.1 Thermal analysis results  
Figure 4-4 shows the calculated temperature histories on the plate’s top surface at the 
mid-length of the plate at different distances from the weld centre line. The material 
reaches a fully austenitic state at a distance of between 5-9 mm from the weld centre 
line (the peak temperature in this region exceeds 770 °C which is assumed to be a fully 
austenitic region). Note that the Af-temperature is 770 °C. At a distance of 31.1 mm 
from the weld centre line the peak temperature predicted is 265 °C.  
 
 
Figure 4-4 Computed temperature histories at the plate’s top surface at various positions from 
the weld centre line at the plate’s mid-length, where 5.0 denotes distance from weld centre line. 
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4.5.2 Mechanical analysis results  
Figure 4-5(a) shows the relationship between temperature and the combined 
thermal/transformation strain caused by thermal expansion/contraction, and by phase 
transformation. As the temperature rises from room temperature, the strain increases 
due to thermal expansion. The transformation from ferrite to austenite starts at the 
As-temperature, 650 °C, and the strain decreases until the temperature reaches 770 °C, 
where transformation is completed (Af-temperature). Beyond 770 °C the strain again 
increases, however at a different rate, determined by the coefficient of thermal 
expansion of austenite. On subsequent cooling from the austenite phase the strain 
decreases until the temperature reaches the Ms-temperature which is 250 °C. Following 
this, the strain increases due to the martensitic transformation that takes place until 
the transformation is completed at 135 °C. Finally, as the temperature continues to 
decrease the strain again decreases.  
Figure 4-5(b) shows the residual longitudinal (in the direction of the weld line) and 
transverse (perpendicular to the weld line) stress at the top surface of the plate post 
welding has and subsequent cool down to room temperature. When considering thermal 
efficiency 0.7 (dashed line), a compressive longitudinal stress band of approximately    
6 mm in width, with a minimum stress (peak compressive stress) of -418 MPa can be 
observed at the weld centre. The compressive stress is caused by phase transformation 
strain during displacive transformation from austenite to martensite. At the edge of 
this band, which corresponds approximately to the fusion zone/HAZ interface, the 
longitudinal stresses become tensile. The maximum tensile longitudinal stress value is 
close to the uniaxial yield strength of the material at the room temperature which is 
530 MPa. The peak tensile transverse stress prediction is 170 MPa whilst the minimum 
peak compressive transverse stress is 55 MPa. Similar residual stress pattern are 
observed for thermal efficiency of 0.6, only the compressive longitudinal stress band in 
the weld region was reduced to approximately 5 mm due to the lower heat input. 
Chapter 4   An initial finite element model for welding 
 
 
 
88 
 
                    
Figure 4-5 a) Computed thermal and transformation strain curve, b) longitudinal and transverse 
residual stress predictions at the plates mid-length for thermal efficiencies of 0.6 and 0.7. 
 
Table 4-2 summarises cases considered in the computation. 
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Table 4-2 Summary of cases examined 
Case Ms 
[°C] 
Mf 
[°C] 
0 
1 
2 
3 
4 
5 
6 
7 
8 
n/a 
750 
650 
550 
450 
350 
250 
150 
100 
n/a 
635 
535 
435 
335 
235 
135 
35 
-15 
  
Figure 4-6 shows the computed thermal/transformation strain for Cases 1 to 8 as 
function of temperature. It can be seen that the strain is affected by onset of solid-state 
phase transformation.  
 
Figure 4-6 Thermal and transformation strain curves computed for Cases 1 to 8.   
 
The residual longitudinal stress predictions at the plate’s top surface for the Cases 0 to 
8 are shown in Figure 4-7(a) and (b) for the longitudinal and transverse direction, 
respectively. The maximum tensile longitudinal stresses, Figure 4-7(a), in all cases are 
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very close and approximately equal to 530 MPa, which corresponds to the yield stress 
of the material considered. As the Ms-temperature decreases, the stress near the weld 
centre line decreases and becomes compressive when the Ms-temperature falls below 
500 °C. Stress reaches a minimum (max. compressive value) of approximately             
-420 MPa when the Ms-temperature is lower than 150 °C. Similar trends are observed 
for the transverse stress, Figure 4-7(b), i.e. the stress decreases with decreasing 
transformation temperature. 
 
 
Figure 4-7 Residual stress predictions at the plates mid-length in the (a) longitudinal and (b) 
transverse direction. 
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The relationship between the maximum and minimum residual stress in the 
longitudinal direction in the fusion zone and HAZ is shown as a function of            
Ms-temperature in Figure 4-8. Results revealed that the maximum tensile stress does 
not change, whilst the minimum stress decreases as the Ms-temperature decreases, and 
saturates at a Ms-temperature of approximately 150 °C. Below this Ms-temperature the 
transformation can not be fully exhausted before reaching ambient temperature. In 
addition, the results for Case 0 (pure expansion of the material by heating and 
contraction by cooling-without any phase transformation) is shown. No change in 
longitudinal residual stress state is observed for Case 0 and similarly for Case 1 where 
phase transformation is completed at relatively a high temperature (where material 
stiffness and yield stress are relatively low).  
 
 
Figure 4-8 Computed maximum and minimum residual longitudinal stresses in the fusion zone 
and HAZ as function of Ms-temperature for cases 0 to 8. 
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Table 4-3 shows results of computation of residual stresses in cases 0-8. In Cases 1-8 
the As-temperature was 630 °C and the Af-temperature was 770 °C. 
 
Table 4-2 Computed residual stress values. (Note that in Case 0 there is no transformation). 
Case Maximal 
longitudinal 
stress [MPa] 
Minimal 
longitudinal 
stress [MPa] 
0 
1 
2 
3 
4 
5 
6 
7 
8 
534 
532 
525 
533 
535 
535 
532 
516 
523 
528 
520 
288 
-10 
-181 
-336 
-418 
-456 
-442 
 
Figure 4-9 shows the distribution of the longitudinal residual stress in at the top 
surface of the plate for Ms-temperatures of (a) 750 and (b) 100 °C, respectively. This 
shows that the residual stress pattern discussed above spreads over the whole weld 
length except at the weld start and stop positions where an edge effect is present. 
When comparing these two cases, it is clear that high tensile residual stresses of       
530 MPa in longitudinal direction are induced around the weld, Figure 4-9a, whereas 
using a low temperature transformation consumable a compressive residual stress band 
is generated in the vicinity of weld, Figure 4-9b. Results are in good qualitative 
agreement with residual stress pattern distribution when considering consumables with 
different transformation temperature (see section 3.3.2.3). Examination of residual 
stress reveals an equal stress at the top and bottom surface with a negligible variation 
through the thickness.  
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a) 
b) 
Figure 4-9 Contour plot of the residual stresses distribution in the longitudinal direction at the 
plate’s top surface for a Ms-temperature of a)  750 °C and b) 100 °C. 
4.6 Conclusions 
An algorithm to consider solid-state transformation has been developed and 
implemented in a thermo-elastic-plastic analysis within a finite element (FE) analysis 
framework. Thin steel plate welding analyses have been performed considering phase 
transformation effects to examine the influence of the Martensite start (Ms) 
temperature on residual stress predictions. The following can be concluded from the 
analyses’ results. 
(1) A low Ms-temperature causes compressive stress components to be generated 
whose net effect is to reduce the tensile residual stresses within the weld zone. A net 
compressive stress develops in this area for Ms-temperatures lower than 550 °C. 
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(2) As the Ms-temperature decreases the magnitude of the compressive stresses 
generated increase. At Ms-temperature of approximately 150 °C this compressive stress 
is saturated and thus, there is no additional benefit from materials with a lower      
Ms-temperature. 
(3) The maximum longitudinal tensile residual stress in the HAZ is not affected 
by the Ms-temperature. However, the width of the band where large tensile stress exists 
is significantly reduced when a material with a low Ms-temperature is considered. 
(4) The algorithm developed in conjunction with the FE model can be useful in 
the design/selection of weld wires. The Ms-temperature can be selected depending on 
the desired stress state. Thus, provides an important tool for the determination of the 
optimum material properties required to reduce residual stress in welds. 
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Chapter 5  
A validated finite element model for the 
effect of low transformation 
temperature on residual stress 
5.1 Summary 
The Gas Metal Arc Welding (GMAW) process was simulated to predict post-weld 
residual stresses and development of restraining forces in a butt-welded joint. The effect 
of weld filler metal austenite-to-acicular ferrite transformation temperature on the 
residual stresses that arise during the gas metal arc welding of a low carbon steel is 
examined using a finite element model. It is found that the stress levels in the weld can 
be tailored by the appropriate selection of the filler metal and compressive, near-zero or 
tensile residual stresses produced. The model is compared to the stresses measured 
using neutron diffraction both in a weld using a conventional filler material and with a 
low transformation temperature filler, with reasonable agreement being obtained.  
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5.2 Introduction 
Residual stresses in weldments have been a topic of concern for many years and result 
from the thermal strains between the newly-solidified weld metal, heat affected zone 
and the surrounding cool material [3, 81]. These strains give rise to distortion, which 
can lead to geometrical non-conformance in the welded part [83]. Residual stresses are 
also of concern because they are often on the order of the yield stress and therefore 
lower the service loads that can safely be tolerated by the component, both in static 
loading and fatigue [84, 85]; they can also promote, e.g. stress corrosion cracking [37]. 
Often these stresses are relieved by post-weld heat treatment, although for many 
welded structures such stress mitigation techniques are impractical. Therefore there has 
been much interest in minimising the stresses which arise using phase transformations 
to relieve the applied strains in the material, such as the austenite →  ferrite 
reconstructive transformation in steels, or the austenite →  acicular ferrite or 
bainite/martensite displacive transformations [42, 54]. A model for the effect of using a 
low transformation temperature filler metal during the GMA welding of ferritic steel 
thin plate on residual stress is presented. 
 
5.3 Experimental 
Two high strength low alloy, DH-36 steel plates (base metal) 500 mm long, 250 mm 
wide and 4 mm in thickness were joined by a butt weld, using GMAW with parameters 
detailed in Section 3.2 [2]. Two 2 mm diameter weld consumables were used, a 
conventional weld wire (CW) exhibiting a solid state phase transformation at ~560 °C, 
and a wire with a lower transformation temperature (LTT) of 420°C. After welding, 
residual stresses were measured using neutron diffraction with the SALSA instrument 
at the ILL, Grenoble, France. Strain measurements were made at the mid-length and 
thickness of the plate in the longitudinal, transverse and normal directions as detailed 
in Section 3.3. Further details of these measurements are reported in [2, 77]. The 
determination of temperature dependent material properties including yield stress and 
dilatometric analysis are detailed in Sections 3.4 and 3.5 respectively.  
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5.4 Finite element analyses  
A sequentially-uncoupled heat transfer and mechanical finite element analysis was 
performed using the finite element code JWRIAN developed at JWRI, Osaka 
University, based on the iterative substructure method [86]. Details of the model 
developed were reported in previous chapter. 
5.4.1 Material properties employed  
The material properties employed account for the differences between the weld metal, 
base metal and austenite. The experimentally determined yield stresses for the weld 
and base metals and properties of austenitic phase [87] are described in Figure 5-1. The 
same austenite properties were used in both the base and weld materials.  
In the fusion zone, when heating up to the austenite start temperature (As), the ferrite 
(bcc) properties are used; after reaching the austenite finish temperature (Af), until the 
transformation start temperature (Ts) is reached on cooling, the fcc phase properties 
are used. In the region of phase transformation from ferrite to austenite (As → Af) and 
again from austenite to e.g. ferrite/bainite (Ts → Tf) the rule of mixtures is employed 
[3]. Outside the fusion zone the material properties of base metal are used; in this 
region transformation strain is not accounted for. The thermo-physical properties 
employed for both phases were shown in previous chapter in Figure 4-2. 
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Figure 5-1 Temperature dependent mechanical properties employed in the model for used: a) 
yield stress, b) Young’s modulus and c) Poisson’s ratio [87]. 
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5.4.2 Finite element models  
A sequentially uncoupled three-dimensional thermo-mechanical analysis was performed 
following [3]. Symmetry was assumed across the weld centre line. The plate was 
allowed to deform freely; however rigid body motions were restrained. The exact shape 
of the weld bead and the use of tack welds were not considered. In the weld zone, three 
elements 1 mm wide and 2.5 mm long were used. 4 × 1 mm elements were used 
through-thickness, allowing the distortion to be captured [88]. The model contained 
18,500 elements.  
Convection and radiation heat transfer boundary conditions were employed on the free 
surfaces using  
Qloss = h ∆T       
where Qloss is the heat flux loss, h is the combined convection and radiation heat 
transfer coefficient and ∆T is the difference between surface and ambient temperature. 
The value of h was determined empirically to fit the thermocouple measurements, 
Figure 4-2. Latent heat of fusion was not considered explicitly. 
A distributed heat flux was employed using a 10 mm (length) × 3 mm (half-width) × 4 
mm (depth) heat source moving at the welding velocity. A net heat input per unit 
length, Q, was employed where Q = ηIV/v, with, η being the thermal efficiency, V and 
I the weld torch voltage and current and v the welding speed. A thermal efficiency of    
η = 0.6 was determined by fitting the thermocouple measurements. The two weld filler 
materials considered were assumed to have Ts temperatures of 560 °C and 420 °C. 
 
5.5 Results 
The dilatometric results, Figure 5-2, revealed that the transformation start temperature 
(Ts) of the LTT wire was approximately 180 °C lower than in the conventional weld 
wire. Microstructural observations indicated a post-test ferritic microstructure. It 
should be noted that the dilatometer heating and cooling rates were much slower than 
during welding – the measured cooling rate from 800 to 500 °C during welding was     
40 °C s-1 compared to 0.16 °C s-1 in the dilatometer. Thus, a lower Ts temperature 
would be expected during welding [33]. 
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Therefore, the onset of transformation was determined by matching the computed 
longitudinal stresses with those measured using neutron diffraction. An example of the 
experimentally determined dilatometric curve for the LTT material, together with one 
of the curves used in the calculations is presented in Figure 5-2. The thermal expansion 
coefficient of the weld metal, ferrite in the base metal and austenite were taken to be 
15, 14 and 22 × 10-6 K-1, respectively.  
 
 
Figure 5-2 Transformation and thermal expansion strains measured by dilatometry at slow 
heating and cooling rates for the (a) CW and (b) LTT weld wires, solid lines. Also shown are 
the curves applied in the welding numerical model, dotted lines. 
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5.5.1 Thermal analysis  
The temperature profiles measured during welding are compared to the model results 
at the plate top surface and mid-length in Figure 5-3. Very good agreement is found 
once the variation in thermocouple placement is accounted for. At a distance of 5.5 mm 
from the weld centreline, the peak temperature attained was 920 °C, (fully austenite), 
while     32 mm from the weld the peak temperature predicted was only 265 °C. 
 
 
Figure 5-3 Comparison of the measured and predicted transient thermal profiles at various 
positions from the weld centre line (C – calculated, E – experimental and 5.5 the distance from 
the centre line in mm).  
 
5.5.2 Mechanical analysis  
Satoh [30] considered the welding thermo-mechanical cycle applied to a bar restrained 
with both ends fixed. This approach was employed using a two element model to 
demonstrate the effect of transformation start temperatures (Ts) of (a) 250 °C and   
(b) 500 °C, Figure 5-4. When heating from room temperature the combined elastic and 
plastic strain increases due to the expansion of ferrite until yield is reached at ~400 °C, 
developing a compressive stress in the bar. With further heating the stress decreases as 
the yield stress drops. When the ferrite to austenite start temperature of 650 °C is 
reached, the strain decreases due to the volume change from the bcc to fcc structures 
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until transformation completion at 770 °C (Af). Beyond 770 °C the strain again 
increases at a rate determined by the thermal expansion of austenite. Because of the 
phase transformation strain the stress becomes tensile (~100 MPa). After 
transformation is complete, the stress decreases yield again occurs in compression.  
On subsequent cooling the strain starts to decrease until the Ts temperature is reached 
at 250 °C, Figure 5-4(a). The strain then increases due to the displacive transformation 
until the transformation is completed at 150 °C. Finally, as the temperature continues 
to decrease the strain again decreases. During this cooling, the stress starts to gradually 
increase with decreasing temperature until the transformation starts, which generates a 
compressive stress. When the transformation is completed the stress starts to gradually 
increase again with decreasing temperature, due to the thermal strain, until it attains    
-237 MPa at room temperature. The trend is similar when a higher transformation 
temperature is considered, Figure 5-4(b). Here, the final state of stress is highly tensile 
(580 MPa) because the transformation is completed at a relatively high temperature, 
and on subsequent cooling thermal contraction is greater than for the low 
transformation temperature material.  
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Figure 5-4 Development of stress and strain in a fixed bar computed using a 2-element model 
during heating and cooling for a transformation start temperature of a) 250 °C and b) 500 °C. 
 
Therefore, the magnitude of the longitudinal residual stress one would expect to 
observe from a welding thermal cycle is governed by (i) the temperature interval 
between transformation finish and room temperature and (ii) by the yield stress. In 
addition, because of the thermal expansion coefficient difference and the hysteresis in 
transformation temperatures the strain change due to the transformation is larger 
during cooling than during heating. As the expansion coefficient of austenite is larger 
than that of ferrite/bainite, the lower the Ts temperature, the larger the strain will be 
produced during the transformation. When comparing strain development in LTT to 
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that of CW, in the LTT the strain can be built up to greater extent because a phase-
dependent thermal expansion coefficient was used in the FE model and at lower 
temperature the material becomes stronger. 
The evolution of the transient longitudinal stress in the weld metal upon cooling, at the 
plate mid-length and weld centreline, is shown in Figure 5-5. For the conventional weld 
wire, a small tensile stress is developed on cooling. At approximately 800 °C, the weld 
metal becomes stronger and following this, a higher tensile stresses can be developed 
during cooling. Once the transformation start temperature is reached (560 °C) the 
stress is substantially reduced with decreasing temperature due to the volume change 
during transformation. Compressive stresses start to rise and once the transformation is 
completed at around 440 °C, then tensile stresses start to build up again, until the 
maximum residual stress corresponding to yield stress of weld metal (444 MPa) is 
reached. The results presented in Figure 5-5 reveal that when the onset of 
transformation temperature is shifted into a lower temperature domain, e.g. to 420 °C 
as for LTT, the residual stress can be mitigated and even become compressive (for LTT 
-100 MPa), as suggested in [44, 45, 89]. 
 
 
Figure 5-5 Computed transient longitudinal stresses in the fusion zone at the weld centre line 
during cooling from the austenitic state for Ts=560 °C (CW wire) and Ts=420 °C (LTT wire). 
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Figure 5-6 shows a comparison of the measured and predicted post-weld residual stress 
distributions. Using the LTT weld wire, Figure 5-6(a), a compressive longitudinal stress 
band approximately 4 mm in width is generated at the weld centre, with a minimum 
stress of -118 MPa. At the edge of this band, which corresponds approximately to the 
observed fusion zone/HAZ interface, the longitudinal stresses become tensile.  
In comparison for the conventional wire a tensile band of magnitude 444 MPa, which 
corresponds to yield strength of the conventional weld wire, was observed in the weld 
centre, Figure 5-6(b). This agrees well with experimental observations. The stresses in 
the HAZ are similar in both welds. In the fusion zone the longitudinal stress predictions 
agree well with the measurements in both the LTT and CW wires. Further, a good 
agreement between predicted and experimentally determined stress values has been 
found for the transverse stresses in the conventional wire. However the computed 
transverse stresses for LTT wire are lower than those determined experimentally, 
especially in the fusion zone. It should be noted that each measurement point 
represents an average of the stress within a volume of 2-40 mm3, whereas the top-to-
bottom variation in the model results is plotted, ignoring any stress max/minima 
through the thickness. The normal stresses were found to be small in both the 
modelling and experimental results, as might be expected for thin plate. 
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Figure 5-6 Comparison of experimental and computed longitudinal residual stresses at the plate 
mid-length for a) LTT weld wire b) conventional weld wire (C – calculated and E – 
experimental). 
In order to examine the influence of the onset transformation temperature on the 
longitudinal stresses, computations were carried out to consider a range of hypothetical 
transformation temperatures, employing LTT properties. The results shown in     
Figure 5-7 illustrate that, with decreasing transformation temperature Ts, the 
longitudinal stresses in the weld region decreases and become compressive when Ts falls 
below ~400 °C. The stress reaches a minimum of -690 MPa when Ts is lower than    
150 °C. Decreasing the onset of transformation also naturally means that the 
transformation occurs at a point where the yield strength is higher. Finally, if the 
transformation temperature is sufficiently low, the transformation may not complete 
before ambient temperature is reached, limiting the transformation strain achieved and 
the reduction in residual stress. 
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Francis et al [38] examined the effect of using a similar low transformation temperature 
consumable on the measured residual stresses in V-joint GMAW weld in thick (12 mm) 
plates, obtaining similar results to those shown in Figure 5-7. For transformation 
temperatures around 400 °C, near-zero centreline residual stresses were observed and 
for lower transformation temperatures strongly compressive residual stresses could be 
generated. The quantitative differences between these results and the present work 
presumably are due to the differences in constraint, preheat, cooling rate, filler metal 
composition and variant selection conditions. 
 
Figure 5-7 Predicted relationship between the longitudinal residual stresses and the 
transformation start temperature at the weld centre line.  
 
5.6 Conclusions 
An algorithm to consider the effect of solid-state transformations on the residual stress 
distribution in thin ferritic steel GMA welds has been developed. Analyses have been 
performed to examine the influence of the transformation start (Ts) temperature on 
residual stress predictions. The results have been compared to the stress distributions 
measured previously [1, 2, 77] for welds manufactured using both conventional and low 
transformation temperature filler wires. The following conclusions can be drawn. 
(1) The magnitude of residual stress is determined by the temperature interval 
between transformation finish and room temperature. Tensile stress in the weld is a 
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result of thermal contraction between transformation completion and room 
temperature. 
(2) If the strain change due to the phase transformation during cooling (in the 
low temperature domain) is greater than the thermal contraction, compressive stress 
will be produced in the weld.  
(3) A low Ts-temperature causes longitudinal compressive stresses to be 
generated whose net effect is to reduce the tensile residual stresses within the weld 
zone. A net compressive stress develops in this area for Ts-temperatures lower than 
~400 °C.  
(4) As the Ts-temperature decreases, the magnitude of the compressive stresses 
generated increase. At Ts-temperature of approximately 150 °C this compressive stress 
is saturated and thus, there is no additional benefit from materials with a lower       
Ts-temperature. 
(5) In the conventional weld wire, both the calculated longitudinal and 
transverse residual stresses agree well with the measurements. A good agreement was 
found in predicted stresses in the longitudinal direction of the LTT wire whereas the 
calculated transverse stresses are significantly smaller than measured. 
(6) The algorithm developed in conjunction with the FE model can be useful in 
the design and selection of weld wires. The Ts-temperature can be selected depending 
on the desired stress state. It allows e.g. to study response of Ts-temperature variation 
(without changing of any other materials properties) on residual stress and distortion. 
This may provide a tool for the determination of the optimum material properties 
required to reduce/prevent distortion and/or buckling. 
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Chapter 6  
Modelling of welding distortion 
6.1 Summary 
The Gas Metal Arc (GMA) welding process was simulated to predict welding distortion 
in a butt-welded joint. The effect of weld filler metal austenite-to-acicular ferrite 
transformation temperature on the distortion is examined using a finite element model. 
The model is compared to the distortion measured in actual plates welded using both a 
conventional filler material and a low transformation temperature filler.  
 
6.2 Introduction 
Over the past three decades, much progress has been made in developing numerical 
models for the thermal and mechanical stress and strain fields that develop around 
welds, with particular emphasis on the prediction of residual stresses [50]. However, the 
prediction of weld induced distortion has historically been more problematic, both 
because of a lack of understanding of the boundary conditions associated with the 
applied constraints and the difficulty of modelling buckling instability. 
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This is unfortunate because in many applications, such as shipbuilding, the control of 
distortion presents critical economic issues associated with the construction of large 
welded structures, for example the difficulty of fixturing and jigging presented by 
welding one welded assembly to another. Necessarily fabrication is often performed in 
field environments where process control is more problematic. These conditions also 
limit the remedial measures, such as thermal tensioning, that can be taken to prevent 
distortion. In addition, any remedial approach should be capable of application to the 
full range of welding situations, e.g. to fillet and corner welds as well as to butt welds. 
Recently [44, 56], it has been suggested that the strain associated with phase 
transformations may be used to control the residual stresses and distortion that arise 
during welding, for instance by modification of the filler metals used GMA welding. 
However, for optimisation of the welding sequence and to develop an understanding of 
the transient stress fields that develop around the weld, it is desirable to be able to 
model the phase transformations, for example in a welding finite element simulation. 
Recently, much progress has been made in this area for steels [57-59], following on from 
early work on modelling the austenite → ferrite transformation during welding [42]. 
Any weld model should in the first instance be validated against experimental data. 
First, the thermal conditions around the weld should be determined, typically using 
both thermocouples placed near the weld and the shape of the fusion zone. In addition, 
the residual stresses can be characterised using incremental hole drilling, X-ray sin2 ψ 
measurements, synchrotron X-ray or neutron diffraction [60, 61]. Finally the distortion 
itself can be characterised using, for example, photogrammetry or a co-ordinate 
measurement machine. Such validation provides confidence that any weld model 
developed may then be applied to varying plate geometries, enabling optimisation of 
the production sequence. 
In this chapter, a validated model for the GMA welding of thin ferritic steel plate using 
two types of filler metal, one with similar composition to the parent plate and one that 
easily undergoes a displacive phase transformation at relatively low temperatures on 
cooling of the weld metal, demonstrating how the use of such filler metal leads to 
reduced distortion and reduced residual stresses in the weld.  
6.3 Finite element analyses  
A sequentially-uncoupled heat transfer and mechanical three-dimensional finite element 
analysis was performed using the finite element code JWRIAN developed at JWRI, 
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Osaka University. Two high strength low alloy, DH-36 steel plates (base metal) 500 
mm long, 250 mm wide and 4 mm in thickness were joined by a butt weld, using 
GMAW with parameters detailed in Section 3.2. The modelling approach was described 
in Chapter 5. Identical models, welding parameters and temperature dependent 
material properties were employed to study distortion. The two weld filler materials 
considered were assumed to have Ts temperatures of 560 °C and 420 °C. 
6.4 Results 
The residual stress distribution in the welded plate should be known prior to modelling 
the distortion. Details of residual stress distribution in the welded plate were reported 
in Chapter 5.  
Figure 6-1 shows predicted contours of out of plane displacement at the top surface of 
the plate for the LTT wire with a Ts of 420 °C. Mechanical constraints were applied: 
Points A and A’’ were restrained in the direction normal to the plate and in addition 
point A was restrained in the welding direction. A half model was employed, so that at 
the symmetry plane on the weld centre line, all elements were restrained in the 
transverse direction. The predicted out of plane displacement was greatest at the end of 
the weld, point B’’. 
 
Figure 6-1 Predicted out of plane displacements for the model employing the LTT wire 
properties with Ts = 420 °C, where B denotes start, B’’ end of welding, A’ mid length at the 
plate edge and B’ mid length at the weld centre line. 
 
The measured distortion along the edges (A-A’-A”) of the plates welded using both the 
conventional and LTT weld wires are compared to the predictions in Figure 6-2. 
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Experimentally, the initial distortion in the plates being welded leads to weld-to-weld 
variability in the final distortions observed and to different levels of distortion than in 
initially flat plates [90]. In addition, tack welding prior to the main welding pass tends 
to affect the final distortions measured [90], which was not considered in the present 
model. Therefore measurements are presented for both sides of the welded plates, and 
some variability is observed. Therefore it is unsurprising that the predicted distortion, 
of around 4 mm in the CW plate, is not in precise agreement with the measurements 
(an average of ~2.3 mm). In addition, the camber distortion in both the LTT and CW 
plates is similar (averages of 2.3 mm for CW and 1.8 mm for LTT), a finding which is 
reproduced by the model (4.0 and 3.7 mm, respectively). 
 
 
Figure 6-2 Predicted and measured camber distortion along the edges of plates welded using (a) 
the low transformation temperature (LTT) and (b) conventional (CW) welding filler metals. 
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The distortion butterfly angle between the two sides of the plate along the lines ABC 
and A”B”C” was also measured, Table 6-1. Again, a reduction on the order of 10 % in 
distortion is observed for the LTT wire compared to the CW, which is also predicted 
by the model. Here, the model and experiment are in good agreement. Overall, the 
butterfly distortion is under-predicted by a similar factor to the over-prediction in the 
camber distortion mode, a phenomenon often observed in under determined buckling 
problems. Importantly, the trends between the LTT and CW cases are reproduced in 
magnitude and sign.  
 
Table 6-1 Butterfly distortion in the plates (angle subtended along paths A-B-C, A’’-B’’-C’’, in 
degrees). 
 
 Start (A-B-C) End (A’’-B’’-C’’) Average 
 CW LTT CW LTT CW LTT 
Experiment 4.0 3.7 6.2 5.3 5.1 4.5 
Model 3.3 3.1 4.7 3.8 4.0 3.4 
 
 
Sensitivity studies were performed to elucidate the effect of Ts on distortion. Figure 6-3 
shows the out of plane displacement predicted along the (a) plate edge and               
(b) centre-line for different transformation temperatures. Figure 6-3 (a) shows that the 
distortion is nearly symmetric along the edge between A and A’’. It can be seen that 
the magnitude of distortion from conventional wire at Ts of 560 °C and that from LTT 
wire at Ts of 550 °C lie close to each other. This suggests that the distortion is strongly 
affected by Ts and is less sensitive to other material properties, such as yield stress. 
Figure 6-3 (b) shows a non symmetrical pattern of distortion along the weld centre line. 
Due to both distortion and heat diffusion along the plate during welding, the 
displacement at the end of the weld is larger than at the start. The results indicate 
that both angular and camber distortion occur at the weld centre line, and that angular 
distortion and cambering increases together. 
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Figure 6-3 Out of plane displacement predictions for the LTT and CW cases, for various 
transformation start temperatures (Ts) along the plate a) edge, b) weld centre line. 
 
In Figure 6-4, the relationship between maximum displacements (defined as the 
displacements at the point A’ caused by welding) and Ts is presented (for LTT wire). 
The predicted maximum distortions at A’ for Ts = 550 °C and Ts = 150 °C are        
4.3 mm and 3.2 mm respectively. Therefore decreasing Ts 400 °C reduces the maximum 
camber displacement by approximately 25 %, as the total tendon force induced by 
welding decreases. 
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Figure 6-4 Predicted maximum displacements (i.e. at point A’) as function of Ts. 
 
Figure 6-5 (a) shows the variation in out of plane displacement along the line B’ – A’ 
at different stages before, during and after welding for Ts = 420 °C. Initially, the plate 
is undistorted. However, as mentioned previously in order to overcome the buckling 
instability problem, the initial angular distortion at A’ is taken to be 0.1 mm (stage 0). 
At stage 1 – when the torch has just passed B’, the plate begins to distort. Maximum 
distortion in the negative direction takes place at B’. Towards the end of welding, stage 
2, the distortion continues in the negative direction and B’ has moved further to         
-1.4 mm. Between stage 1 and 3, negative displacement at the weld line (marked by B’), 
and relatively small and negative displacements at plate edge (marked by A’) are 
caused by transverse angular distortion.  
In cooling stage at around 250 °C i.e. at stage 3, the displacement along A’ – B’ starts 
to increase, and at the end of cooling (i.e. stage 4), the region near A’ becomes 
positively displaced and region near B’ remains negatively displaced. At this stage, a 
large curvature along the B’ – A’ is observed and the magnitude of the final distortion 
at the plate edge (of which A’ is the mid-point) is twice that on the centre line (of 
which B’ is the mid-point). Since the increase in displacement between stage 3 and 4 is 
not induced by transverse angular distortion (and no lateral loads that are suddenly 
applied to the plate and can cause such displacement were induced), it can be 
concluded that a buckling distortion is present. 
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Figure 6-5 (b) shows the change in out of plane displacement as a function of (arbitrary) 
time at points A’, B’ and B’’. At stage 1, when the torch approaches B’, the region in 
vicinity of B’ starts to displace negatively and remains negatively displaced to the end 
of cooling (stage 4). A variation of between 0 and 2 mm in the magnitude of 
displacement was predicted at that point. From stage 1 up to stage 3, the 
displacements of the regions in vicinity of A’ and B’’ remain nearly constant and 
negative, and do not exceed 1 mm in magnitude. However, when the cooling 
commences (i.e. at around 250 °C), a sudden change of displacement is observed, as B’’ 
displaces to -8 mm and A’ to +4 mm. This indicates the occurrence of buckling 
distortion during cooling. This trend is observed only when large distortions are 
considered in the analysis.  
a) 
b) 
Figure 6-5 Evolution of out of plane displacement predictions for LTT wire (Ts = 420 °C) a) at 
mid-length between A’ and B’, b) for individual points A’, B’, B” at the mid-length and edge, 
together with the temperature at B’. Stage 0 – start of welding, 1 – torch just passed B’, 2 – 
end of welding, 3 – during cooling at approximately 250 °C and 4 – end of cooling. 
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Transverse shrinkage was also examined as it is one of the fundamental dimensional 
changes that occur during welding and can induce distortion in fabricated structures 
[50]. Figure 6-6 shows the variation in transverse shrinkage as a function of distance 
from the weld centre line for different transformation temperatures. For this purpose, 
the point marked D was selected, 15 mm from the weld centre line, because due to 
rotation of the plate around the weld centre line (angular distortion) it is difficult to 
evaluate the effect of initial distortion on transverse shrinkage by considering a point at 
the plate edge. At D it can be assumed that only local shrinkage occurs and that the 
effect of plate rotation is negligible.  
 
Figure 6-6 Transverse shrinkage predicted for a range of transformation start temperatures. 
 
The results presented in Figure 6-6 shows that as Ts increases, the transverse shrinkage 
at point D decreases. As Ts decreases, the thermal strain imposed during cooling prior 
to transformation increases. Therefore the shrinkage due to plasticity increases from 
0.26 to 0.29 mm. The peak values at this point are plotted in Figure 6-7 as function of 
transformation temperature. The transverse shrinkage attains a maximum value of   
0.29 mm at Ts ~ 280 °C. From this maximum value, the transverse shrinkage starts to 
decline with further reductions in Ts. Three mechanisms can be identified that affect 
this behaviour: 
(i)  The transformation expansion that is assumed to occur isotropically. 
(ii) The coefficient of thermal expansion of the different phases, giving rise to different 
amounts of thermal strain to be accommodated. Since a phase-dependent thermal 
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expansion coefficient was used in the numerical model and the expansion coefficient of 
austenite is larger than that of acicular ferrite, a lower Ts temperature results in a 
greater extent of shrinkage produced in the weld metal before cooling to Ts.  
(iii) The relative stiffness of the FZ and HAZ during transformation. As the weld metal 
in the FZ and parent metal in the HAZ cools down, the relative material stiffness and 
strength in these two zones differs with temperature. When transformation takes place 
at high temperature, the weld material expansion in the longitudinal direction will be 
restricted by the HAZ (which is at a lower temperature and has higher strength and 
stiffness). The longitudinal transformation expansion is then changed into transverse 
positive (expansive) plastic strain. This causes the transverse shrinkage to decrease. As 
the transformation temperature decreases, the stiffness and strength of the FZ 
gradually becomes closer to that of the HAZ. Therefore the HAZ can only restrict the 
FZ longitudinal expansion to a reduced extent and the expansive transverse plastic 
strain decreases. Further, due to Poisson’s ratio (0.5 for plasticity), the longitudinal 
positive strain resulting in the HAZ is accompanied by transverse shrinkage. The 
decrease in transverse shrinkage becomes less than that when the transformation occurs 
at high temperature. 
 
Figure 6-7 Relationship between maximal transverse shrinkage and transformation start 
temperatures at point D, 15 mm from weld centre line.  
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Overall, dependence of transverse shrinkage on transformation start temperature 
depends on the relative magnitude of these three.  
Table 6-2 summarises the cases that have been considered. In all cases the austenite 
start temperature, As, was set to 630 °C and the austenite finish temperature, Af, was 
set to 770 °C.  
 
Table 6-2 Details of the cases computed, where Ts denotes the transformation start temperature 
on cooling and Tf the transformation finish temperature.  
  
Case Ts 
[°C] 
Tf 
[°C] 
Longitudinal 
stress 
at point B’ 
[MPa] 
Displacement 
at point A’ 
[mm] 
Transverse 
shrinkage 
at point D 
[mm] 
1 550 450 456 4.27 0.261 
2 500 400 201 4.12 0.277 
3 420 320 -46 3.73 0.287 
4 350 250 -255 3.58 0.292 
5 280 180 -445 3.50 0.293 
6 220 120 -575 3.28 0.293 
7 150 50 -651 3.15 0.293 
8 100 0 -665 3.15 0.291 
 
Experimentally, initial distortion is observed to have a profound effect on the as-welded 
final distortion [90]. Several computations evaluating the influence of initial angular 
distortion on the residual distortion were carried out. Initial angular distortion varied 
between 0.1 mm and 5 mm as shown in Table 6-3. Figure 6-8 indicates that there is 
only a slight decline in additional distortion (distortion due to welding) with the 
increase of initial angular distortion.  
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Figure 6-8 Relationship between maximum out of plane displacement and initial angular 
distortion, for a transformation temperature of 420 °C at point A’. 
 
When considering effect of different initial angular distortion (ID) on transverse 
shrinkage, as shown in the Figure 6-9(a), it indicates that the transverse shrinkage at 
distance of 15 mm from the weld centre line (point D) is lowest when considering initial 
distortion of 5 mm.  
Table 6-3 Summary of cases computed when considering initial angular distortion for a 
transformation start temperature of 420 °C.  
 
Case 10 11 12 13 14 15 16 17 18 
Initial angular distortion 
at point A’ [mm] 
0.10 0.25 0.50 0.75 1.00 2.00 3.00 4.00 5.00 
Final camber distortion 
at point A’[mm] 
3.73 3.72 3.72 3.71 3.68 3.51 3.36 3.20 3.08 
Transverse shrinkage at 
point D [mm] 
0.287 0.287 0.286 0.284 0.282 0.276 0.271 0.266 0.262 
 
 
The peak values at plotted are shown in Figure 6-9 (b). It is found that the transverse 
shrinkage decreases linearly with an increasing initial angular distortion. 
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a) 
b) 
Figure 6-9 (a) Variation in transverse shrinkage at the plate mid-length, where “ID” denotes 
initial angular distortion in mm, (b) dependence of shrinkage at point D on initial angular 
distortion. All calculation performed for a transformation start temperature of 420 °C (LTT 
case). 
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6.5 Conclusions 
A three-dimensional numerical finite element model has been used to predict the 
distortion pattern in butt welded specimens produced by GMA welding of thin ferritic 
steel plates. The sensitivity of distortion to the filler metal used was examined using a 
conventional weld wire and a low transformation temperature (LTT) weld wire. The 
model employed calculates the phase transformation strain in addition to the thermal 
strain, allowing the effect of transformation start temperature (Ts) on distortion to be 
investigated. The transient evolution of distortion was analysed. The following 
conclusions can be drawn: 
(1) The proposed FE model is capable of predicting both the residual stresses 
pattern and the distortion observed. 
(2)  The results indicate that a Ts below 400 °C results in compressive residual 
stresses in the fusion zone. Generally, a reduced Ts leads to lower residual stresses in 
the weld region and consequently to a substantial reduction in distortion. 
(3) Fairly good quantitative agreement between the calculated and experimental 
results was achieved.   
(4) Transient distortion analysis revealed that the majority of the camber 
distortion arises towards end of cooling, after welding is complete. 
(5) Transverse shrinkage was explained as function of Ts and initial angular 
distortion. 
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Chapter 7  
The observation of variant 
transformations in the fusion zones of 
Gas Metal Arc Welds 
7.1 Summary 
The macro- and microtextures of gas metal arc (GMA / GMAW) welds fabricated 
using both conventional ferritic and low transformation (LTT) filler metals were 
examined. Both welds were largely composed of acicular ferrite. The weld textures were 
found to be distinct, which is observed to be due to variant selection during the 
austenite-to-ferrite transformation. In-situ EBSD performed on thermal cycling of the 
LTT fusion zone into the austenite phase field confirmed that these transformations 
satisfy the expected crystallographic relationships, despite the ferrite→austenite 
transformation being reconstructive. Implications for welding consumable design and 
finite element process modelling are drawn. 
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7.2 Introduction 
The thermal strains that arise during welding give rise to residual stresses and 
distortion in welded joints that are problematic, both in initial fabrication of a 
satisfactory structure and its subsequent strength, fatigue and stress-corrosion cracking 
performance [50, 87].  However, in the majority of welds a filler metal is added and 
therefore the possibility exists to select a filler material with the aim of improving the 
performance of the welded joint. Over recent years, there has been much interest in 
using filler metals during the welding of steels that exploit the austenite-to-ferrite (γ→α) 
transformation strains to absorb some of the thermal strain from welding, mitigating 
the residual stress and distortion [38, 47-49, 91-93]. It has been shown that weld 
fabrication using, for example, filler metal wires with a lowered γ→α transformation 
temperature (so-called low transformation temperature or LTT wires) can result in 
lowered residual stresses and distortion [44, 59, 93, 94]. 
Where the transformation is reconstructive, one might initially believe that the 
transformation strain will simply be due to the volume change between the two unit 
cells. However, for a displacive transformation, one must consider if the applied stress 
state can bias which orientations of the product phase form from the parent grain. In 
the case of the γ→α transformation, 24 crystallographic variants of the bcc / bct 
ferritic (bainite or martensite) phase can form from the austenite. 
However, even for reconstructive transformations some ‘memory’ is commonly observed 
in the product phase textures. For example, in Zr and Ti it is now commonly accepted 
that the simultaneous satisfaction of the orientation relationship (OR) at the parent 
phase grain boundary by the product phase can result in a memory effect [95-97]. Such 
an effect has also been observed in the macroscopic textures observed using in-situ 
synchrotron X-ray diffraction in an interstitial-free (IF) steel [98]. 
For displacive transformations the OR between the two phases is complicated by the 
minimisation of the strain at the interface plane by slight rotations from the ideal OR, 
as shown by Mackenzie and Bowles [99, 100] and Wechsler, Lieberman and Read [101] 
in the phenomenological theory of martensite crystallography. The overall 
transformation elastic strain tensor can be calculated and compared to the applied 
stress, resulting in a calculation of which variants are favoured by the applied stress 
state [8, 102-104]. Bhadeshia [44] showed that the volume change due to the 
transformation in bainite is much smaller than the shear component. Babu and 
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Bhadeshia [23] studied the effect of applied stress on the formation of acicular ferrite. 
In series of heat treatment experiments and subsequent microstructural observations 
they revealed at least six crystallographic variants form where no stress is applied and 
that many fewer are observed when the transformation occurs under an applied elastic 
load. Of course, plastic strains can also have an effect by favouring variants that grow 
across slip planes and by the hindering of plate growth by plastic damage [105-107]. 
Hase et al. [24] examined the influence of stress on the transformation kinetics of upper 
bainite. It was found that compressive stresses of 4 to 200 MPa strongly favoured the 
growth of compliant variants, potentially even leading to large regions of bainite in 
identical orientations. In addition, they demonstrated that stress can increase the 
bainite start temperature and accelerate the kinetics of the transformation. 
In this chapter it is demonstrated that variant selection operates in LTT filler metal, 
but that the effect is not discernible in conventional weld filler (CW), and so that these 
transformations are relevant to weld models for the mitigation of residual stress and 
distortion using LTT fillers. The macro- and micro- textures have been observed in 
LTT and CW welds and fusion zone material from these welds is then characterised 
using in-situ electron backscatter diffraction (EBSD) during thermal cycling. 
7.3 Experimental description 
The weld manufacturing and sample preparation were described in the Chapter 3 [1, 2, 
4, 77]. Samples were examined using the ex situ EBSD technique in addition to samples 
which were subjected to thermal cycling and examined using an SEM equipped with a 
laser powered heating stage where in-situ EBSD imaging was performed. An initial 
EBSD map was acquired at ambient temperature. The temperature was then increased 
to 1000°C and an EBSD map of the austenite acquired. Following this, the samples 
were cooled to 500 °C at ~15 °C s-1, after which the sample was allowed to cool 
naturally. At 70 °C the microtexture of the transformed product was acquired by 
EBSD. Subsequent data analysis was carried out using HKL’s Technology “Channel 5” 
software. Macrotexture measurements were performed using conventional X-ray 
diffraction and the data obtained analysed using popLA (preferred orientation package 
– Los Alamos). 
 
Chapter 7   The observation of variant transformations 
 
 
 
126 
7.4 Calculation of variant orientation relationships 
In solid-state phase transitions, one can attempt to calculate the transformation texture 
from the orientations of the parent crystals and their OR with the product phase [108]. 
This assumes that the product phase grows in the parent crystal in which it nucleates. 
In a displacive transformation, the crystal structure of the parent phase is deformed 
into that of the product without diffusion. Since the coordinated movements of atoms 
associated with this transformation mechanism cannot in general be sustained across 
grain boundaries, it is reasonable to assume that the product is confined to the parent 
grain with which it has an OR [109]. 
Displacive transformations involve the disciplined motion of atoms. As a result, there 
are clearly defined relationships between the parent and product lattices. The theory 
for this is well established and can be found elsewhere [99, 100]. The complete 
crystallographic description of a single plate of martensite includes the habit plane, the 
shape deformation and the OR, as shown in [19, 110]. These quantities are, of course, 
inter-related.  
The orientation matrix is a square matrix formed by the cosines of the crystal axis and 
the specimen axis. For example, equations (1)-(3) are respectively austenite orientation 
matrix for Cube, Goss and Copper texture. 












0.            0.           1.
0.            1.-          0.
1.             0.           0.
→ Cube texture                                  
 
(1) 
 












0.70710     0.70710-    0.
0.70710     0.70710      0.
0.                0.            1.
→ Goss texture                            
 
(2) 
 












0.81649    0.          0.57735-
0.40824    0.70710    0.57735
0.40824   0.70710-   0.57735
→ Copper texture                   
 
(3) 
The product of the austenite orientation matrix (S J γ) times the 
relationship (γ J α) results in the martensite orientation matrix (S J α).  
(S J γ) (γ J α) = (S J α)                                                              (4) 
orientation 
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Equation (4) is valid for one variant. To obtain all 24 variants, the left side of the 
equation should be multiplied by the symmetry matrix χn [110]. 
(S J γ) (γ J α) χn = (S J α)n                                  (5) 
In the Figure 7-1 all 24 variants of symmetry matrix χn are shown. 
 
 
 
Figure 7-1 All 24 variants of symmetry matrix χn 
The result of equation (5) is 24 different orientation matrixes corresponding to all the 
possible martensite variants. If now each martensite orientation matrix is multiplied by 
(α J γ) and also by χn it is possible to obtain the set of parent orientation matrixes. 
This is represented in equation (6). 
(S J α)n (α J γ) χm = (S J γ)nm                                  (6) 
Therefore, there will in principal be 24 × 24 (576) possible orientations (variants) of 
the austenite. Substituting equation (5) in (6)  
(S J γ)nm= [(S J γ) (γ J α) χn] (α J γ) χm                               (7) 
(α J γ) = (γ J α)-1                              (8) 
(S J γ)nm= (S J γ) (γ J α) (γ J α)-1 χn χm   (9) 
(S J γ)nm= (S J γ)         (10) 
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Therefore, all 576 solutions in equation (6) are identical. 
Applying the above set of equations to the three austenite orientation matrixes showed 
in equations 1-3 one can obtain the results presented in Figure 7-2. Column (S J γ) 
shows (100) austenite pole figures. Column (S J α)n shows (100) pole figures for the 24 
martensite variants and (S J γ)nm column shows the calculated pole figure for austenite 
according equation (9). 
 (S J γ) (S J α)n (S J γ)nm 
 
 
Cube 
   
 
 
Goss 
   
 
 
Copper 
   
Figure 7-2 Application of the suggested model to three different austenite textures. 
When certain crystallographic variants are preferred, variant selection occurs. This 
might happen where the shape deformation of martensite/bainite plate complies or 
opposes the applied stress / strain field, expressed by an interaction energy U [111]. 
U = σNζ + τ  s   (11) 
where σN is the stress component normal to the habit plane and τ is the shear stress 
resolved on the habit plane in the direction of shear.  ζ and s are the respective normal 
and shear strains associated with transformation. For a given austenite orientation and 
applied stress, U can then be calculated and added to the chemical Gibbs energy 
change for the reaction. Where U is significant compared to this energy, variant 
selection by an applied stress (e.g. due to welding) can then occur.  
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7.5 Results 
7.5.1 Weld textures 
Figure 7-3 shows the macroscopic texture of the fusion zones of welds using both 
conventional and LTT weld wires, obtained using laboratory X-ray diffraction. The 
pole figures show a stronger texture in the LTT sample, with the {100} secondary axes 
in particular being rotated 45° from the TD towards the ND axis compared to the CW 
wire. Such a difference can also be observed in the reconstructed {111} pole figures. A 
stronger effect for variant selection would be expected since, with a lower 
transformation temperature, more elastic strain will be built up due to thermal 
contraction in the austenite before transformation occurs. 
 
 
Figure 7-3 Measured macroscopic texture of the fusion zones from welds manufactured using a) 
the conventional weld wire and b) the LTT weld wire. The welding direction (LD) is at the 
centre of each pole figure, and the transverse (TD) and normal (ND) directions are indicated. 
Figure 7-4 shows an EBSD map in the fusion zone for each weld filler, both comprising 
acicular ferrite without any retained austenite. The highlighted region, containing 
material from a single prior austenite grain, was chosen for further analysis. The 
distribution of orientations present has been used to determine the prior austenite 
orientation and then the possible ferrite orientations resulting from the γ→α 
transformation deduced.  
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Figure 7-4 EBSD inverse pole figure (IPF) map and selected subset of from the fusion zones of a)  
the conventional weld wire and b) the LTT weld wire. 
 
The fusion zone of the conventional weld wire (Figure 7-5a) matches the case where 
variant selection does not operate and all 24 variants occur. Conversely, a 100 MPa 
applied compressive stress in the welding (longitudinal) direction would be expected to 
inhibit the formation of 9 of the possible variants, leaving only 13. In contrast, for the 
fusion zone manufactured using LTT filler metal two of the characteristic rings 
associated with occurrence of all 24 variants are incomplete, Figure 7-5b, which 
matches the prediction for the case of an applied compressive stress. 
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Figure 7-5 Comparison between the experimentally (Exp) determined {100} pole figures in the 
selected subsets from a) the conventional and b) the LTT weld wires with computed {100} pole 
figures following the α→γ→α transformation, using all 24 possible variants (Calc 24V) and only 
the 13 favoured by an applied compressive stress (Calc 13V). 
Therefore, one can deduce that variant selection did operate during the γ→α 
transformation in the LTT weld wire whereas it does not seem to have occurred in the 
weld manufactured using a conventional ferritic welding wire. Although this conclusion 
is qualitative in nature, it is grounded in both the local and global texture 
measurements. However, if larger regions are taken for study within the EBSD map, 
the problem becomes more complicated, due to the effect of accommodation stresses 
with the grain and between the transforming laths.  
 
7.5.2 In-situ electron backscatter diffraction and comparison with 
modelling approach  
In some situations, when austenite transforms to bainite, martensite or acicular ferrite, 
some retained austenite is present after transformation and so it is possible to directly 
measure the texture of the prior austenite. However, in the present welds no retained 
austenite was detected by EBSD. Thus, an in-situ observation of texture can provide 
invaluable information for the validation of transformation models and so here, we 
perform such experiments on fusion zone material from the LTT weld metal. At the 
start of the experiment, the EBSD map revealed a fully ferritic bcc structure with 
grains ranging in size from 5 to 15 µm. Fiducial markers were used to ensure registry of 
the areas examined. After heating up to 1000 °C and holding at this temperature an 
EBSD map of austenite was collected from same region, indicating large >30 µm 
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austenite grains. After cooling, the final microstructure consisted of ferritic grains       
~ 20 µm in size. 
Figure 7-6(a) shows the EBSD map for the initial condition. The highlighted region 
shown was chosen for analysis in (b), and a single orientation within that region 
extracted for clarity in (c).  
 
 
Figure 7-6 In-situ EBSD map2 for the initial, ferritic condition of LTT wire (a), measured 
orientations for the selected subset (b), and a single orientation within the subset (c). 
 
 
                                     
2
 Experiments conducted with Mrs T. Gorkaya at RWTH Aachen University, Germany.  
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On heating to 1000 °C, this region transformed to a single γ grain, Figure 7-7(a) and 
(b). For comparison, the austenite orientation inferred [8] from the α orientations 
originally present in this region, Figure 7-6(b), is given in Figure 7-7(c); it is readily 
observed that the α→γ transformation obeyed the expected orientation relationship. It 
is interesting to note that only one initial bcc orientation is required to calculate the 
observed fcc orientation - for the ferrite-to-austenite transformation all the 
transformation variants are symmetrically equivalent.  
 
 
Figure 7-7 (a) In-situ EBSD map for the same region as Figure 7-6, after heating to 1000 °C and 
transformation to austenite. (b) the measured austenite orientation of the selected subset, which 
is the same subset as in Figure 7-6(a). The austenite orientation in (b) is the same as that 
calculated from the prior ferrite orientation in this subset, (c). 
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The measured EBSD map after cooling the material back into the ferritic phase field 
under no applied load is shown in Figure 7-8(a-b). It is observed that many more grains 
exist with their {001} plane normal along the welding direction (LD) and that also 
some orientations have disappeared from the selected subset, particularly those with 
the {001} between the LD and ND. In addition, the grain size obtained on slow cooling 
without load was larger, and fewer orientations are observed overall. Comparison of 
Figure 7-8(b) and (d) shows that the number of orientations present is less than the 24 
possible, so some variant selection has occurred. However, included among the 
orientations found is the orientation originally selected, Figure 7-8(c) and Figure 7-6(c), 
which can readily be confirmed to be a permitted variant of the prior austenite grain, 
Figure 7-8(e). However, a small rotation between the predicted and measured ferrite 
orientations, Figure 7-8(c) and (e) can be observed, which may be due to, e.g. the 
recovery of the dislocation networks present in the original, plastically deformed fusion 
zone material. 
Therefore, thermal cycling of the material into the austenite regime and back to ferrite 
again results in final grain orientations that obey the expected crystallographic 
orientation relationships for each transformation. Thus, even where the transformation 
might traditionally be held to be reconstructive (α→γ), the orientation relationships are 
obeyed, presumably because this involves the minimum movement of substitutional 
atoms. Then on cooling (γ→α), again the orientation relationships are obeyed, although 
the original set of orientations are not necessarily recovered, for example the grain with 
their {001} near the welding direction in Figure 7-8(b). 
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Figure 7-8 In-situ EBSD map, (a), after cooling back to the ferritic phase field at 70 °C, and (b) 
measured bcc orientations in the selected subset, which is the same subset as in Figure 7-6 and 
Figure 7-7. A single orientation within the subset is highlighted in (c). In (d), the calculated 
possible bcc orientations are shown for all 24 variants formed from the initial fcc orientation 
shown in Figure 7-7(c). These include the orientation shown in (e), which is close to the 
orientation selected in (c).  
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7.6 Discussion 
Residual stress analysis in [4] indicates a difference between the residual stress and 
distortion patterns in welds manufactured using these two consumables. In both cases 
the microstructure consisted of acicular ferrite. One might believe that the similarity in 
microstructures would give rise to similar residual stress patterns. However, the lower 
temperature at the onset of transformation may result in a higher yield strength at the 
point of transformation, different variant selection conditions (transient stress state) 
and hence textures and internal shear strains, the production of differing amount of 
thermal strain prior to transformation and also differing transformation strains      
[105-107].  
Lischewski [112] reported that the nucleation of the newly formed bcc phase during 
γ→α transformation takes place predominantly at triple junctions of the austenite 
grains. However, the present study did not confirm these observations. The nucleation 
appeared to occur at austenite grain boundaries. It is notable that there is a difference 
in grain size after the α→γ→α transformation. 
The selection of certain crystallographic variants whose shape deformation relieves the 
applied stress can be analysed in terms of the overall Gibb’s energy of the 
transformation, composed of its chemical (∆Gc) and mechanical (∆Gm) contributions 
[109, 111]. Where the interaction energy U (Eqn. 11) is a significant contributor to 
∆Gm and is a large fraction of the total ∆G = ∆Gc + ∆Gm, then variant selection can 
occur and contribute to the minimisation of G occurring at equilibrium. This analysis 
suggests that this condition is satisfied for the LTT wire whereas it is not for the 
conventional weld metal, presumably because ∆Gc is smaller for the LTT wire, which is 
consistent with it having a lowered transformation temperature. In the LTT 
consumable, addition of nickel would stabilise austenite and reduce ∆Gc. Therefore, in 
designing a welding consumable that provides variant selection as a means of 
minimising residual stress and distortion, ∆Gc should be mimised. Such an approach 
provides a simple thermodynamic method for welding consumable design. 
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7.7 Conclusions 
The macro and microtextures observed in GMA welds fabricated using both a 
conventional ferritic weld filler metal and a low transformation temperature (LTT) wire 
have been observed. In addition, thermal cycling through the ferrite→austenite→ferrite 
transformation has been performed using in-situ EBSD on material from the LTT weld 
fusion zone. The following conclusions can be drawn. 
(1)  In both cases, acicular ferrite microstructures were obtained, and in the case 
of the conventional weld wire, some allotriomorphic ferrite was also observed.  
(2)  The macroscopic textures observed in the two welds were quite different.  
(3)  EBSD analysis of the LTT fusion zone showed evidence of variant selection 
consistent with an applied compressive stress in the welding direction; no such evidence 
was observed for the conventional welding consumable. 
(4)  Cycling of the LTT fusion zone material through the austenite phase 
resulted a change in the orientations observed in a small subregion, but these variants 
all obeyed the crystallographic orientation relationships expected for a purely displacive 
transformation, despite the diffusional character of the formation of ferrite from 
austenite.  
It is suggested that the maximisation of the mechanical contribution to the Gibbs 
energy of transformation and minimisation of the chemical contribution will provide a 
simple route to the design of welding consumables that exploit variant transformations 
to minimise residual stress and distortion in GMA welds. Consideration of such 
transformations would then need to be included in finite element models of the welding 
process where these are used for joint design and process optimisation. 
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Chapter 8  
Conclusions and suggestions for further 
work 
This chapter lists the main conclusions and prospects for further work. Fabrication of 
the experimental welds and characterisation of the residual stresses which arise due to 
the gas metal arc (GMA) welding of high strength alloy steel have been presented. A 
program of experimental work on fabricated steel butt welded plates was conducted. 
This included temperature measurements during welding, residual stress measurements 
by neutron diffraction and microstructural characterisation using optical, scanning and 
transmission electron microscopy.  
The residual stress measurements were performed using the neutron diffraction 
technique at the SALSA diffractometer at the ILL, Grenoble, France. The effect of two 
weld consumables on the residual stress in the welded plates was examined. The 
different weld consumables generated different residual stress patterns. The 
conventional weld metal produces tensile longitudinal stresses of approximately        
400 MPa, whereas in the low transformation temperature (LTT) weld metal 
compressive stresses of -100 MPa are induced in the vicinity of the weld. General 
features of the macro- and microstructures of the fabricated welds were documented. 
The findings can be summarised as follows: (i) in the fully transformed solidification 
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microstructure of a conventional weld metal, grains of proeutectoid ferrite are found at 
the former austenite columnar grain boundaries while interlocked and randomly 
orientated acicular ferrite and cementite are seen in interior of the former austenite 
grains, (ii) the examination of the microstructure of the fusion zone in the LTT weld 
metal revealed that it only consists of the acicular ferrite and gave some indication of 
alignment of acicular ferrite plates. Further characterisation of the microstructural 
development during rapid cooling from the austenitic state was investigated using time 
resolved confocal scanning laser microscopy (CSLM) providing useful information about 
the onset of the transformation temperature and the kinetics of transformation which 
can be utilised in finite element modelling.  
A time efficient and accurate numerical approach for prediction of distortion in thin 
walled structures was proposed and implemented in a thermo-elastic-plastic analysis of 
the welded plates. A sequentially uncoupled approach was applied where a thermal 
analysis was first completed to solve for thermal profiles. Subsequently mechanical 
analysis was carried out which reads in the temperature profiles and solved for 
displacements, strains and stresses distributions. This algorithm calculates strain 
caused by both the thermal expansion and the solid-state phase transformation of the 
weld metal. It was used to study the influence of the transformation start temperature 
(Ts) of the filler/base material on the distribution of the residual stresses in the fusion 
zone and its vicinity. The results of the model showed that the majority of the camber 
distortion in the welded plates takes place towards the end of the cooling after the 
welding is completed. As the weld cools down to the room temperature, tensile stress is 
developed in the welded plates in the fusion zone due to the contraction of the latter. 
The magnitude of this stress is determined by the difference between the 
transformation finish temperature and room temperature. On cooling, compressive 
stresses are also developed in the region near the fusion zone due to the phase 
transformation (austenite → ferrite). The compressive stress competes with the tensile 
strains, which result from the thermal contraction of the fusion zone. If the phase 
transformation strain is greater than the thermal contraction, the weld material will 
have compressive residual stresses at room temperature and vice versa. The study was 
carried out to examine the mechanisms giving rise to grain selection and to understand 
response of transformation temperature on development of residual stress. 
Distortion was studied by applying model presented. It was found that a weld wire 
with smaller Ts produces lower residual stresses in the weld region and thus results in a 
weld with a reduced distortion. The results of the model agreed well with the 
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experimental results with an exception of transverse stresses calculated for the LTT 
wire, which magnitude was found to be significantly lower than that of the experiment. 
The algorithm can be considered as a useful tool for selecting a material for the weld 
wire (with a known Ts) for obtaining a desired stress state of the final weld and 
provides a strong conceptual, theoretical, and computational framework to interpret 
experimental results, and to plan new experiments. 
The macro- and micro-texture of the welds fabricated using the conventional ferritic 
weld filler metal and the LLT wire were compared. The microstructure of the welds 
from both wires showed the presence of the ferrite phase and some allotriomorphic 
ferrite was also seen for the conventional weld wire. On the macro-scale the texture of 
the welds differed in intensity. For the LLT wire, the orientation of the grains was 
found to be more aligned in {001} direction than that for the conventional wire. EBSD 
analysis of the LTT fusion zone showed evidence of variant selection consistent with an 
applied compressive stress in the welding direction; no such evidence was observed for 
the conventional welding consumable. 
The in-situ EBSD of the material from the LTT weld fusion during the thermal cycling 
zone (through the ferrite → austenite → ferrite transformations) showed a change in 
the orientations of the grains in a small subregion. These variants all obeyed the 
crystallographic orientation relationships expected for a purely displacive 
transformation, despite the diffusive nature of the transformation of the austenite phase 
to ferrite. It is suggested that the minimisation of the total Gibbs energy through the 
balance of the chemical and mechanical contributions will provide a simple route to the 
design of welding consumables, which can make use of the variant transformations to 
minimise the residual stress and the distortion in GMA welds.  
The following studies are suggested for the future work as an extension of the current 
research. 
The finite element model for welding considered here does not account for the effect of 
stress on variant selection during the austenite → ferrite / bainite / martensite 
transformation. Variant selection would result in the transformation strain being 
anisotropic, further modifying the stress fields developed in the weld. Developing and 
implementing a constitutive model that accounts for the range of microstructural and 
texture transformations operating in such steel welds, and testing it against experiment, 
would be challenging but would allow for a further refinement in weld finite element 
simulations. 
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Such a project would necessarily involve refined experimental measurements of the 
thermophysical properties of the weld and heat affected zone materials at appropriate 
heating and cooling rates, plastic strains and stresses, for example by combined 
thermomechanical testing, calorimetry and in-situ X-ray diffraction. 
In order to control the scope of the present project, the production of 0.5 × 0.5 m 
feature plates was considered, and in a related project fillet welds were explored. 
However, ship structures involve the use of plates in excess of 6 m long and 2 m wide, 
with several types of bulb bar stiffeners. Once a section of hull is welded together, they 
are then hung in place and welded together, which involves vertical welding. It is 
therefore of interest to study the use of restraint and the optimisation of the welding 
sequence to minimise distortion. As computing capability advances, such model-based 
optimisation will become more tractable. 
LTT fillers are not widely used at present because of concerns about toughness of the 
welds produced; the toughness of the present material has not been widely studied. 
Therefore it would be useful to obtain such data and, if the weld metal was found to be 
unacceptably brittle or to have too high a ductile-brittle transition temperature, to 
develop an improved consumable that yielded the benefits of lowered residual stresses 
and distortion with parent-plate equivalent toughness. This might be achieved, for 
example, by controlling nucleation of the acicular ferrite or by engineering the scale of 
the bainite in the microstructure. 
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